Physics Lib, 


REGISTERED NO. M. 3121 


PROCEEDINGS 


OF THE 


INDIAN ACADEMY 
OF SCIENCES 


VOL. XXXI] SECTION A 














MAY, 1950 





Price Rs. 2 or 3 Sh. Annual Subscription Rs. 18 





PRINTED AT THE BANGALORE PRESS, BANGALORE CITY, BY G. SRINIVASA RAO, 
SUPERINTENDENT, AND PUBLISHED BY THE INDIAN ACADEMY OF SCIENCES, 
BANGALORE. 

















CRT MERE EPR 











. 


CRYSTALS OF QUARTZ WITH IRIDESCENT FACES 
By Sir C. V. RAMAN 


(From the Raman Research Institute, Bangalore) 
Received May 10, 1950. 


1. INTRODUCTION 


THE optical phenomena forming the subject of this paper are exhibited in 
a very striking manner by two small crystals of colourless transparent quartz 
which were obtained by the author some years ago from a jeweller in Bombay. 
An enlarged photograph of one of the crystals is reproduced as Fig. 1 (a) 
in Plate XV accompanying the paper. As will be seen from the illustration, 
one of the pyramidal faces terminating the crystal exhibits a brilliant reflec- 
tion. The colour of this at normal incidence is a bright green and changes 
to blue and then to bluish violet as the incidence is made more oblique. At 
the same time, the iridescence becomes distinctly weaker and much less 
saturated in hue. The coloured reflection is seen over the whole area of the 
face with fairly uniform colour and intensity. No trace of the phenomenon 
is exhibited by any of the other pyramidal faces of the crystal or by any other 
part of its surface. The second crystal similarly shows a brilliant iridescence 
on the largest of its pyramidal faces, its colour and intensity, remarkably 
enough, being practically indistinguishable from those of the first crystal. 
The second crystal shows, in addition, an iridescence of the same colour on 
two other pyramidal faces of smaller size, but not on a fourth which is 
adjacent to the largest iridescent face and of comparable area. 


2. THE NATURE OF THE IRIDESCENCE 


That the iridescence is not due to superficial films adhering to the crystals 
is obvious on an examination of its features. Had it had been of that nature, 
the area of colour would be that covered by the film and would not extend 
beyond it. Actually, when the crystal is held suitably with respect to the 
incident light, one observes a brilliant blue band of iridescence along the 
edge of the face but outside its area, while the face itself remains dark. This 
effect which is illustrated in Fig. 1 (d) in Plate XV is due to light which enters 
the crystal face near its edge and after suffering a reflection within the crystal, 
emerges through the contiguous face. When the crystal is held appro- 
priately, it is possible also to observe the converse effect, viz., light enters 
the crystal through the contiguous face, and after reflection within the crystal 
manifests itself as a bright blue band parallel to the edge of the face but 


275 





Al 
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inside it, the face itself not displaying the usual iridescence. In suitable 
circumstances, also, both effects may be simultaneously observed, bright 
blue bands being seen alongside the edge on either side, the latter itself 
appearing as a dark line of separation. That the iridescence arises from 
reflection inside the crystal and not at the external surface is further evident 
trom the fact that the outer margin of the coloured area is, in general, not 
exactly coincident with the edge of the face; between them appears a strip 
without colour and of width varying with the obliquity of incidence of the light 
and with the setting of the edge with respect to the direction of observation. 
This effect is illustrated in Fig. 1 (c) of Plate XV in which the lower edge of 
the face is seen distinctly doubled. 


It is thus evident that the iridescence is due to a layer of material which 
lies below the surface of the crystal and forms an integral part of its structure, 
The observations indicate the thickness of the layer to be of the order of 
a quarter ofa millimetre. It follows that the coloured reflection from within 
the crystal would be diluted by the reflection of white light from its exterior 
surface in an increasing measure as the incidence is made more oblique. This 
is actually observed, as has already been indicated, and the explanation given 
is confirmed by the effect of immersing the crystal in a beaker of water, or 
better still, xylene. By such immersion, we weaken or suppress the white- 
light reflection, and the iridescence is thereby notably improved in intensity 
as well as in respect of the saturation of its hue. The polarisation of the 
white-light reflection at oblique incidences may also be utilized to reduce 
its intensity by viewing the crystal face through a suitably orientated 
polaroid. At the polarising angle for quartz, the external reflection is com- 
pletely suppressed, and the internal reflection which is then of a violet colour 
appears of a saturated hue, though to some extent it is enfeebled in intensity 
by its own partial polarisation. 


As is to be expected from the intensity of the iridescent reflection, the 
crystal faces which show the phenomenon exhibit the complementary tint 
by transmitted light in a conspicuous manner. The transmission colour 
for normal incidence is a lively rose-pink; this fades away to pale yellow 
and finally to white as the incidence becomes more oblique. 


3. Irs SPECTRAL CHARACTER 


Spectroscopic examination of the iridescence exhibited by the crystal 
faces shows it to be essentially a monochromatic reflection. The reflected 
light at normal incidence exhibits a few narrow streaks close to each other 
in the green region; as the incidence is made more oblique, these streaks 
move towards the violet end of the spectrum. Examination of white light 
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Crystals of Quartz with Iridescent Faces 277 
transmitted normally through the crystal face reveals a set of narrow bands 
of extinction in the same position in the spectrum as the bright streaks 
observed by reflected light. These effects are illustrated in Figs. 2 (a), (6) 
and (c) in Plate XV, the reflection and extinction bands being indicated by 
arrows. The photographs were taken with sunlight as the source. The 
diffuse background seen in the reflected spectra reproduced as Figs. 2 (a) 
and (b) is due to the reflection of white light from the surface and some para- 
sitic illumination returning from the rear of the crystal. The former effect 
becomes more important at oblique incidences. In Fig. 2(c), the extinction 
bands due to the crystal are those marked, the rest being the Fraunhofer 
lines in the solar spectrum. 


From the facts stated, it is clear that the iridescent material is essen- 
tially a stratified medium consisting of a great many parallel layers of 
extreme thinness which is more or less exactly the same for all the layers. 
If we assume the iridescence observed at normal incidence to be a second- 
order reflection, it would follow that the individual lamine would be 0:34 
thick, and as the thickness of the entire iridescent layer is about 250 p, there 
would be room in it for about 700 layers. If these were all of exactly the 
same thickness, they would result in extremely sharp monochromatic reflec- 
tions and extinctions. 


4. THE NATURE OF THE STRATIFICATIONS 


As is well known, quartz exhibits two principal kinds of twinning, viz., 
the electrical and the optical, which may also be described as the orienta- 
tional and chiral types of twinning respectively. We may evidently dismiss 
the electrical type of twinning without further consideration in relation to 
our present problem. Chiral twinning is very common in quartz and fre- 
quently exhibits itself as a polysynthetic or lamellar twinning in which the 
right-handed and left-handed layers are parallel to each other and to the 
rhombohedral planes of the crystal structure. Such polysynthetic twinning 
is indeed characteristic of ‘“‘ amethystine ’’ quartz and exhibits itself promi- 
nently when a section cut normally to the optic axis of the crystal is viewed 
through a polarising microscope. The thickness of the twinning layers is 
known to be highly variable; it may be sufficiently large to be seen without 
optical aid, or so small as to be invisible even under the polarising microscope. 
Large variations have been observed even within a single section plate. 


The two crystals now under study do not exhibit the slightest hint of 
amethystine colour. Nevertheless, in their external form, they show the 
same features as amethystine quartz, and indeed reproduce perfectly the 
features observed in a great number of crystals of that material collected by 
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the author from the campus of the Osmania University at Hyderabad and 
deposited in the Museum of this Institute. The prismatic faces are com- 
pletely missing, and their place is, for the greater part, taken by an array of 
terraces running in zig-zag fashion parallel to the rhombohedral faces of the 
crystal. One such set of terraces, lying below a pyramidal face which does 
not exhibit iridescence is visible in Fig. 1 (a) in Plate XV. Though the matter 
has not been tested by section-cutting, since this would have involved des- 
truction of the specimens, it may be taken for granted that the crystals dis- 
playing iridescence consist of polysynthetically twinned quartz in which the 
right-handed and left-handed forms lie in layers parallel to the rhombo- 
hedral faces. 


Chiral polysynthetic twinning in quartz would not, however, necessarily 
give rise to iridescence. Had this been the case, the phenomenon would 
have been noticed and reported long ago by many observers. It is obvious 
that a crystal face would not exhibit any visible colour by reflection unless 
the laminations contiguous to it have a sufficient reflecting power and are 
sufficiently fine and sufficiently numerous to build up a coherent monochro- 
matic iridescence. Even in the two crystals forming the subject of the present 
study, the conditions necessary for iridescence evidently exist only for some of 
the crystal faces and not for the others. It may be remarked in this connection 
that an examination of their external forms reveals some striking differences 
between the pyramidal faces which display iridescence and those which do 
not. The latter are terminated by zig-zag lines below which lie a succession 
of terraces well separated from each other. On the other hand, in all the 
four cases in which iridescence is observed, we notice immediately below the 
iridescent face, an area having the correct crystallographic orientation for 
a prismatic face but presenting a peculiar grooved and eroded appearance; 
where this meets the iridescent face, we notice a step-like configuration, 
indicative of a laminated structure of the material parallel to the face. These 
features can be made out by a study of Figs. 1 (a), (5), (c) and (d) in Plate XV. 


5. SOME FURTHER CONSIDERATIONS 


The suggestion made above that the stratifications giving rise to the 
iridescence in quartz are of the polysynthetic chiral type raises some further 
questions. The iridescence exhibited by some specimens of potassium 
chlorate was explained long ago by Rayleigh as due to polysynthetic twinning 
in the monoclinic crystals of that substance. The special features observed 
in the case of potassium chlorate, viz., the disappearance of the iridescence 
at normal incidence and its periodic appearance and disappearance at all 
incidences when the crystal is rotated in its own plane, are consequences 
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Crystals of Quartz with Tridescent Faces 279 


of an orientational type of twinning. It is not surprising that these features 
are not met with in the case of quartz. The orientational twinning in the 
case of potassium chlorate also results in some peculiar polarisation effects. 
No such effects are observed in the case of the iridescence of quartz. Pro- 
vided that the depolarisation due to the passage of the light through the 
quartz is avoided or duly taken account of, the iridescent reflections are found 
to exhibit a normal behaviour, in other words, they show, at least qualitatively, 
the degree and kind of polarisation to be expected for reflection at the 
boundary between two media of nearly equal refractive index. 


Finally, we are faced with the question whether the optical difference 
between layers of right-handed and left-handed quartz is sufficient to give 
an appreciable reflection of light at the boundary of separation between them. 
If the answer to this question be in the negative, we would be faced with a 
dilemma, since it would be difficult to explain otherwise the iridescence which 
is actually observed and which is so clearly related to the architecture of the 
quartz crystal. It seems, however, just possible that the polysynthetic twin- 
ning may be accompanied by a segregation at the boundaries between the 
right-handed and left-handed quartz of extremely thin layers of impurity 
material. Such layers when regularly disposed could give rise to coherent 
reflections of sufficient intensity to explain the observed iridescence. 


The photographs illustrating this paper (Plate XV) were obtained by 
Mr. A. Jayaraman, whose highly competent assistance has also otherwise 
been of value in the work described., 


SUMMARY 


The paper is a study of the iridescence exhibited by some of the pyra- 
midal faces of two crystals of transparent quartz in the possession of the 
author. Spectroscopic examination shows the reflections and the corres- 
ponding extinctions to be monochromatic. The thickness of the iridescent 
layer may be directly observed, and the number of laminations inferred 
to be present is sufficient to explain the observed characters of the iride- 
scence. The nature of the stratifications in the crystal giving rise to the 
iridescence is discussed. Photographs of one of the crystals and of the 
spectral character of the reflections and extinctions illustrate the paper. 





STUDIES ON THE DEPENDENCE OF OPTICAL 
ACTIVITY ON CHEMICAL CONSTITUTION 


Part XXXV. The Rotatory Dispersion of 5-quinolinoimino 
and amino-camphors (d and dl) 


By BAWA KARTAR SINGH, F.A.ScC., AND NARINDER SINGH KAPUR 
(From the Organic Chemistry Research Section, Benares Hindu University) 


Received November 22, 1949 


THE present investigation describes the determination of the rotatory dis- 
persion of the condensation products of 5-aminoquinoline with camphor- 
quinones (d and dl) and of their reduction products, which are found to 
exhibit phototropy in chloroform solution. 


NATURE OF THE RACEMIC MODIFICATION 


The melting points of the racemic forms of 5-quinolino-imino-and- 
amino-camphor are higher than those of their optical isomers. They are, 
therefore, true dl-compounds. It is further supported as follows. A small 
amount of the d-form was added to the corresponding racemic modification 
and the melting point was found to be lowered in each case. This clearly 
shows that the racemic substances are true dl/-compounds. 


NATURE OF THE ROTATORY DISPERSION 


The rotatory dispersion has been determined in the visible region of 
the spectrum for six wavelengths in the case of the yellow coloured’ com- 
pound, 5-quinolinoimino-d-camphor and for twelve wavelengths in the case of 
the colourless 5-quinolinoamino-d-camphor. It is found to be simple, as it 


obeys the one-term Drude’s equation, [a] ge 3» In this equation, ko, 
a 


the rotation constant may be taken as a measure of the absolute rotation for 
the wavelength A for which A =+/I +4,%. The absolute rotation con- 
stants (kos) are thus numerically but not dimensionally identical with the 
magnitude of the rotatory powers. Comparisons of rotatory powers and 
rotation constants at wavelength A, where A = 1/1 + A,°, may be regarded 
as those for corresponding conditions of wavelengths in which the effects of 
dispersion are eliminated. 
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Dependence of Optical Activity on Chemical Constitution—XXXV 281 
THE EFFECT OF SOLVENT ON ROTATORY POWER 


The molecular rotatory power, [M]p°*°, of the compounds in different 
solvents is given in Table I. The sequence of their decreasing rotatory power 
js as follows :— 


(a) 5-quinolinoimino-d-camphor : 
methyl alcohol > ethyl alcohol > chloroform > acetone = pyridine> benzene. 


The sequence agrees with that of the dielectric constants of the solvents 
except in the case of chloroform and pyridine. 


(b) 5-quinolinoamino-d-camphor : 
benzene= chloroform > pyridine > acetone > ethyl alcohol > methyl alcohol. 


The sequence agrees with that of the dielectric constants in the reverse 
order except for chloroform. 


The above mentioned sequence does not hold good for other wave- 
lengths. For instance for the mercury violet line (Hg 4358), the order of 
the decreasing rotatory power is 


chloroform > benzene > pyridine > acetone > ethyl alcohol > methyl 
alcohol. 


This order is different from that for the sodium D-line. It is, there- 
fore, necessary for any strict comparison of rotatory power of the com- 
pounds in a number of solvents that the effects of dispersion should be eli- 
minated. It is not an easy matter when the dispersion is “‘ complex ’’, but 
when it is ‘ simple’ as in the case of these compounds, which obey the linear 
relationship, the effects of dispersion can be completely eliminated by using 
the rotation constants (Kos) of the Drude’s one-term equation as a measure 
of the absolute rotatory power of the medium. It refers to a wavelength, 
\, where A = 4/1 + A,? which is not much greater than. 10,000A.U. The 
longest wavelength used in our measurements is 6708 A.U. (Lithium red) 
and extrapolation from it to about 10,000A.U. is permissible in view of 
the linear nature of the dispersion equations calculated by us. We have, 
therefore, included in brackets (Table I) the values of Drude’s Molecular 
Rotation Constants Kos, as a measure of the absolute rotatory power of 
the compounds. If we compare these Molecular Rotation Constants (Kgs), 
the results are somewhat different and the order of the decreasing rotation 
constants for 5-quinolinoamino-d-camphor is as follows:— 


ethyl alcohol > pyridine > chloroform = benzene > acetone > methyl 
alcohol. 
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The order, as given above, is different from those for sodium D-line 
(5893 A.U.) and mercury violet line (4358 A.U.) and the order of Kos also 
does not follow that of the dielectric constants of the solvents. 


As already pointed out in our previous work,' it will be more rational 
to compare the rotatory power of the solution with its dielectric constant 
and not with that of the solvent. 


RELATION BETWEEN CHEMICAL CONSTITUTION AND ROTATORY POWER 


In Table I the molecular rotatory powers, [M],°*°, of four compounds 
in six solvents are given. It is seen that the rotatory power of the a-naph- 
thylimino-and-amino-d-camphor? are higher than those of the 5-quinolino- 
imino-and-amino-d-camphor respectively. The molecular weights of the 
two compounds are almost identical. It is therefore, clear that the quino- 
line ring has a lower rotatory effect than the naphthalene ring, except in 
methyl alcohol. This agrees with the previous observations of Singh and 
Manhas.* It is also seen that the reduction of 5-quinolinoimino-d-camphor 
to 5-quinolinoamino-d-camphor causes a great fall in the rotatory power 
owing to the break in the complete conjugation between the double bonds 
of the carbonyl group, the azethenoid group and the quinoline ring as in 
the case of a-naphthylimino-d-camphor to a-naphthylamino-d-camphor 
(Singh and collaborators)* thus :— 


c=n-€ > cH-nui—<__ > 
C.H a ae ae 
28 an \/ eee P m, K ; 
C=0 C=O 


(1) II) 

The arylaminocamphors are generally obtained by reduction of the 
corresponding imino derivatives dissolved in ether, by zinc dust in presence 
of 10% aqueous potassium hydroxide solution. In the case of 5-quinolino- 
amino-camphor this method does not yield the pure product as the ethereal 
solution of the amino-compound, on exposure to the atmosphere, imme- 
diately turns deep yellow due to oxidation. The operation was, therefore, 
carried out in an atmosphere of coal (oil) gas as described in the experi- 
mental part. We may recall here the case of p-phenylene bisiminocamphor 
which was prepared by Forster and Thornley® but which they failed to reduce 
to the corresponding amino compound. One of us’ was however, able to 
reduce this bisimino derivative to the bisamino stage by avoiding oxida- 
tion and isolating the product as the dihydrochloride which was subse- 
quently hydrolysed to the free bisamino compound by water in alcoholic 
solution. 
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It may be remarked that although a-naphthyliminocamphor and 5- 
quinolinoiminocamphor (Formule III and IV) are very similar in structure, 
the product of reduction of the former is not oxidised by oxygen in the 
atmospheric air. Itis thus seen that the nitrogen atom in the quinoline ring 
has produced this instability; in other words it brings out the fact that the 
naphthalene ring is more stable than the quinoline ring. 
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CH,—C—CH, | . N CH,—C—CH, x x 
<7 , bed 
CH, —~- CH ——CO CH. cH —CO 
(IV) (Oxidised by air) 
EXPERIMENTAL 


5-Quinolinoiminocamphors (d and dl-).—Equimolecular quantities of 
camphorquinone (d or d/) and 5-aminoquinoline were mixed very thoroughly 
with a sufficient quantity of anhydrous sodium sulphate and were heated 
in a hard glass boiling test tube fitted with an air condenser on a water- 
bath for several hours. At times the condenser was removed and the 
sublimate was pushed down the tube. When the reaction was complete, 
the product was washed with cold water, filtered and the precipitate was 
repeatedly recrystallised from aqueous alcohol as yellow prisms. 


The compounds are very soluble in methyl and ethyl alcohols and 
chloroform, !ess so in acetone and pyridine and insoluble in water. 


5-quinolinoimino-d-camphor.......... m.p. 122-23° C; (N) found 9-48% 
5-quinolinoimino-d/-camphor........ m.p. 153-54° C; (N) found 9-46% 
Ciy9HapN2O requires (N) =9-58% 


5-Quolininoaminocamphor (d and dl).—The ethereal solution of the 
colourless 5-quinolinoaminocamphor on coming in contact with air gets 
readily oxidised by turning deep yellow with the result that the product 
obtained is contaminated. It is thus not possible to obtain in this way the 
amino compound in the pure form. But, if we carry out the operations 
in an atmosphere of coal gas, till the final stage, the oxidation can be 
prevented. We, therefore, carried out the preparation and isolation of the 
compound in an atmosphere of coal gas; the products thus obtained were 
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pure:—The corresponding imino-derivative was dissolved in ether and 10% 
aqueous solution of potassium hydroxide and sufficient quantity of zinc 
dust added. The contents were put in a hard glass stoppered bottle 
and coal gas was passed into the bottle to displace the air. The bottle 
was shaken for several hours in an electric shaker till the yellow ethereal 
layer became colourless. The ethereal layer was rapidly separated, washed 
with water and ether distilled off. The residue was repeatedly recrystallised 
from alcohol as colourless needles. 


The compounds are soluble in benzene, chloroform, ether, and acetone, 
less so in methyl alcohol and ethyl alcohol and insoluble in water. 
5-quinolinoamino-d-camphor, m.p. 132-33°C; (N) found 9-26% 
5-quinolinoamino-d/-camphor, m.p. 163-64°C; (N) found 9-25% 
CigH22N.O requires (N) = 9-52% 


PHOTOTROPY IN SOLUTION 


The phototropic behaviour of a-naphthylaminocamphor (d, / and dl) 
in chloroform solution as well as in other solvents has been discussed in 
previous communications by one of us.® The structure of 5-quinolino- 
aminocamphor is very similar to that of the a-naphthyl derivative as shown 
in formule V and VI: 























CH; CH; 

——%  —_," 
~H. : iat > CH, , H-nH-¢ 
CH, . CH—NH $ g Hy, Cc c I — 

CHi3;—C—CHy3 K RX CH,—C—CH; =, 
CH, CH c=0 CH, ——CH ——C=0 
(Vv) (VI) 


It is found that d-and dl-forms of the quinoline derivatives exhibit photo- 
tropy when their chloroform solutions are exposed to sunlight. The 
colourless solution turns within a minute or two into bluish green which 
deepens into deep green with longer exposure. On keeping the coloured 
solution in dark or even in the ordinary light of the laboratory it turns 
almost colourless. The colour change is reversible and can be repeated, 


We are studying this subject in detail and hope to report further results 
Shortly. 
SUMMARY 


(1) The rotatory dispersion of 5-quinolinoimino-d-camphor and 5- 
quinolinoamino-d-camphor is found in different solvents to obey Drude’s 


one term equation, [a] = eres it is, therefore, “‘ simple’. 
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(2) The sequence of rotatory power of 5-quinolinoamino-d-camphor 
in different solvents runs in the reverse order of the dielectric constants of 
the solvents and that in the case of 5-quinolinoimino-d-camphor follows 
the same order of the dielectric constants except with minor discrepencies. 


(3) The influence of quinoline and naphthalene ring on the rotatory 
power has been considered. 


(4) The reduction of 5-quinolinoimino-d-camphor to 5-quinolinoamino 
d-camphor resulting in a great lowering of its rotatory power, has been 
discussed. 

(5) The nature of the racemic form has also been investigated. 


(6) The d-and dl-forms of 5-quinolinoaminocamphor are found to 
exhibit phototropy in chloroform solution. 
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DIAMAGNETIC SUSCEPTIBILITY OF 
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PRASAD and co-workers! have determined the average values of the suscepti- 
bilities of many ions in combination with inorganic and organic anions with 
a view to compare them with those calculated theoretically by Slater’s? and 
Angus’® methods. Their work includes a detailed study of all the ions of 
the second group of the periodic table with the exception of the cadmium 
ion. The ionic susceptibility of cadmium reported in the I.C.T. is 20-0* 
while the values deduced by Kido* and Hollens & Spencer® are 20-3 and 
24:85, respectively. All these values are very much lower than those calcu- 
lated by the Slater’s and Angus’ methods (34:25 and 33-9, respectively). 
The object of the present paper is to examine this discrepancy and to complete 
the data of the susceptibilities of ions of the second group. 


EXPERIMENTAL 


The salts used in this investigation were either of Merck’s extra-pure 
quality or were prepared in pure state in these laboratories. The latter were 
carefully analysed and only those specimens which were found to be of the 
required purity were used for the measurement of the susceptibilities. 
The results of analyses are given in column 2 of Tables I(a) and (6b). A 
modified form of the Gouy’s balance was used for these measurements, the 
method being the same as that described by Prasad, Dharmatti and Gokhale.’ 
All the precautions detailed in that paper were taken at the time of the measure- 
ments. KCl (X, = 0-516) was used as the standard substance. The results 
obtained are a mean of six independent readings, three being taken with one 
specimen tube and the remaining three with another tube. This procedure 
averages out errors due to (1) the packing of the substances uniformly 
and tightly in the specimen tube and (2) the non-uniformity of specimen 


* All the susceptibility values are expressed in —1 x 10-* c.g.s. units. 
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tubes, if any. The results obtained for salts of inorganic and organic acids 
* are given in Tables I (a) and (5), respectively. In these tables, 


X, =the specific susceptibility, 
X,, =the molecuar susceptibility, 
X na the molecular susceptibility of the anhydrous salt. 


X»2 1s Obtained by deducting the susceptibility of molecules of water of crys- 
tallisation (X yoo = 12-96) from the molecular susceptibility of the hydrate, 
assuming strict additivity. The values of x,, and X,,, are given one below the 
other. 


For comparison, the experimental values obtained by previous workers 
are given in column 6 of the tables. 














TABLE I (a) 
Analysis % Cd, Authors’ Value Values of other workers 
Compound erm! oer see : = 
Ob- | Calcu- . > 
iat tae Na Xm | Xm | Reference 
} | } | | } 
cdo ws we |e | 02320 | 29-80 | 30-70 | Hollens and Spencer® 
Cd(OH). -. 76-18 | 76-76 | 0+2805 | 41-08 | 40-60 | do 
| | | | | 
CdCl, -./ 61-21 | 61-31 | 0+3749 | 68-92 | 68-74 | do 
| | | 67-50 | Kido 
| 98-65 | L.C.T. 
| | } | 
CaBr,-4H,0 | 82-58 | 32-63 | 0-3964 | 136-49 | 103-5 | 1.C.T. 
84-65*| 93-00 | Kido 
| | 87-10 | Hollens and Spencer® 
| 92-10 | Flordal and Frivold*? 
| | | 
Cdl ..| 30-68 | 30-68 | 0-3139 | 115-00 | 112-7 | Kidot 
} | 117-20 | Hollens and Spenccr® 
| | 117-20 | L.C.T. 
CdS . .. | se | 0+3531 | 51-02 | 49-57 | Hollens and Spencer® 
CdSO, 1 ue | one | +2858 | 59-60 | 58-60 | Kido* 
| | 59-23 | Hollens and Spencer® 
| 45°87 | Ray Chaudhari? 
Cd(NUs)2*411,0 ue | ve | 0+3684 | 113-70 | 114-50 | Hollens and Spencer’ 
61 - 86*| | 
CdCr0, ../ 49-61 | 49-20 | 0-0736 | 16-81 | 
| 
Cd(102)2 --| 24-03 | 24-31 | 0+2403 | 111-10 | 108-4 | Hollens and Spencer5 
Cd(PO,)2 se) ae) we | 08122 | 164-60 169-20 | Hollens and Spencer® 
CdCOz, - .. | 02960 | 51-05 | 52-6 | Kidot 


| 
| 


| 46-72 | Hollens and Spencer5 
| 47-34 ! Prasad and Desai! 
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84°30 | Kidot 


TABLE I (5) 
Analysis % Cd) Author's Value Values of Other Workers 
Compound ——_—____—_— 
Ob- | Calcu- : ; 
| served lated Xa xin Xae Reference 
—— = 
CdH,C,0,4°2H20 ee| 47-19 | 47-12 | 0°3410 | 81-31 
| | 55-39" 
| | 
Cd(CH,COO), 0-3629 83-66 | 83-66 | Hollens and Spencer® 
| 


j Cd(CHg+CH2*COO), dal 43°71 | 43-41 | 0-4260 | 110-10 





Cd(CygH 3102) ..| 17-8 | 18-0 | 0+6455 402-05 | | 
Ca(Cy gH 3502) «| 16-9 16-9 | 0-6401 440-63 | | 
Cd(CH,)2: (COO), . a .+ | 0-3123 | 71-32 | 
Cd(CHOHCOO), ..| 43-76 | 43-13 | 0-3171 82-58 
CdC,11,04-H,0 ..| 45-0 ~~ 0+3705 02-75 58-50 | Hollens and Spencer® 
+83 


CdC20, 55-91 | 56-08 | 0-2765 55-39 | 53-13 | Hollens and Spencer® 


co 


Cd(CgH,COO),+2H,0 —..| 28-59 | 28-78 | 0-4789 187-02 | 184-90 | Hollens and Spencer® 
| 161-10* 


Cd(CgH,OHCOO),-H,0 | 27-75 | 27-78 | 0-4554 186-16 | 


| 171-20* 





(CdCzH,;COO).*H2O —..| 36-6 | 36-9 | 0-4730 | 144-04 


_ 131-08" | 








*The molecular susceptibility of the anhydrous salt calculated from the Xm of the 
hydrate. 


DISCUSSION OF RESULTS 


It will be seen from Tables I (a,b) that the values obtained by the 
authors are generally in fair agreement with other reported values, especially 
with those obtained by Kido.* It is remarkable that even though, in many 
cases, the authors’ values agree fairly well with those obtained by Hollens 
and Spencer® their values are definitely lower for some salts. In cases in 
which authors’ values differ much from those of other workers, the authors 
have carefully repeated the measurements with fresh samples and have estab- 
lished the reproducibility of the results. 


Tonic Susceptibility of Cadmium 


(a) Method of averages.—The susceptibility of cadmium ion has been 
determined, in the first instance, by the method of averages followed by 


Prasad and co-workers. For this purpose, various values of the anions 
A2 
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reported in the literature (cf. Table II) were subtracted from the molecular 
susceptibilities of the cadmium salts and from the values of the susceptibility 
of cadmium ion, thus obtained, mean values calculated for this ion in combi- 
nation with (i) inorganic and (ii) organic anions were found to be 20-82 
and 25-32, respectively. The difference between the two values has been 
found to be significant from a standard statistical test. These results sub- 
stantiate the observatiton of Prasad and co-workers that the susceptibility 
of a cation deduced from salts of organic acids by the statistical method is 
higher than that obtained from salts of inorganic acids. 


TABLE II 


For the several values of the susceptibilities of the chloride, bromide, 
iodide, sulphide, sulphate, nitrate, carbonate, phosphate, chromate, benzo- 
ate, oxalate, tartrate, malonate, succinate, acetate, salicylate, propionate 


and butyrate ions refer to Prasad, Dharmatti, Kanekar and Datar (under 
publication). 














Ion | Xs on 
oO” 4-61 Pascal® 
3-36 do 
10’; ..| 52-20 Kido* 


47-30 Rao and Sriraman® 
45-00 Hollens and Spencer® 
51°40 Trew? 

46-75 Prasad and Desai! 

















OH’ ea 8-50 Kido* 
(HCOO)’ on 16°90 Pascal’s data® 
20-2 Kido* 
17°30 Rao and Sriraman® 
17-60 do 
(Cy7zH35COO)’ oe 207-50 ( Walvekar)® 
(Cy3H3,C OO)’ ee 183-50 ( Walvekar)® 





Both the mean values for the susceptibility of Cd*+ are definitely lower 
than those calculated by the Slater’s or Angus’ methods. It may, at first 
sight, appear that the difference between the observed and the theoretically 
calculated values can be accounted for by the fact that there arises a 
temperature-independent paramagnetism in the solid state which is not 
generally taken into account in calculating the susceptibilities of free ions. 


If the additivity law of ions is valid, the magnitude of the factor due 
to the paramagnetism independent of temperature will be very small and 
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would cause only a small increase in the observed value of the diamagnetic 
susceptibility of the ion. This cannot account for the large difference in the 
observed and the calculated values. Trew!* has also observed a similar 
difference between the theoretical and observed values of the susceptibility 
of thallium ion. She finds that the Slater’s calculations agree with experi- 
mental results for ions of elements of atomic Nos. 12-20 and Angus’ values 
for those of Nos. 20-28 but are a bit too high for the heavy ions. Probably 
Slater’s and Angus’ calculations of the screening constant do not hold for 
such heavy ions as cadmium. 


(b) Graphical Method.—The method of averages used in determining the 
susceptibility of cadmium ion avoids the arbitrary procedure of selecting a 
particular anion value as correct from among a number of widely divergent 
values and may, therefore, be considered to give satisfactory values of the 
susceptibility of cations. However, since the values of anions reported 
in the literature are obtained by fixing some value of anion as standard on 
some assumptions, theoretical or otherwise, the method of averages cannot 
be considered to be free from the errors involved in these assumptions. 
Hence it would be necessary to have a method of determining the 
susceptibility of ions which will depend merely on the accuracy of 
the experimental results of molecular susceptibilities. Kido* and 
Prasad and co-workers have observed a linear relation between the 
molar susceptibilities (X,,) of compounds having the same anion and 
cations belonging to the same family of elements in the periodic table and 
the number of electrons (N) in the cations. These workers have employed 
this relation for the evaluation of the susceptibilities of several ions. This 
method appears to be a better method than the earlier method of averages, 
Prasad, Dharmatti and Ghose! found that the X,,-N relation for salts of Mg, 
Zn, Cd and Hg having a common anion was definitely linear. They used 
this relation to obtain the susceptibility of Hg ion. For drawing the graphs 
these authors used the susceptibilities of corresponding cadmium salts deter- 
mined by one of us (R.A.B.). The present authors have drawn similar 
graphs for the carbonates, phosphates, salicylates, butyrates, propionates 
and malonates of these metals (Fig. 1). It will be observed that the graphs 
are straight lines. In order to confirm that the plotted points definitely lie 
on straight lines, values were calculated from the relation X,, = slope of the 
straight line x number of electrons in the cation + intercept of the line on 
the X,, axis. The good agreement found between the observed and the 
calculated values establishes that the relation between X,, and N is definitely 
linear the in case of these salts as well. 
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The linear relation has been used for the evaluation of the susceptibilities 
of ions in the following manner: (1) the value of the intercept is the measure 
of the susceptibility of the anion and (2) the susceptibility of the cation is 
calculated by (a) subtracting the susceptibility of the anion from the molar 
susceptibility of the salt and is designated as yx,, and (b) by multiplying the 
slope of the straight line (dx,,/9N) by N, the number of electrons in the 
cation (since, intercept = xX,nion3 Xe =(dxm/dN)°N + Xanion and x, = 
Xanion + Xeation)» aNd is designated as xp. 


Values calculated in this way for the various anions in combination with 
Mg, Zn, Cd and Hg ions are shown in Table III, Column 3. 


It will be seen that the values of y,,;.,, are of the same order as those 
reported by various workers (Table II). This indicates that the graphical 
method gives quite reliable values. The values of x, and xy, in combination 
with an anion are not far different from each other. The y, values are, how- 
ever, more correct than x, values which contain small experimental errors 
involved in the measurement of the molecular susceptibilities of the individual 
salts. A mean of all the x, values deduced from the various salts of inorganic 
acids has been taken and given at the end of the table, since these values 
do not differ from the mean values by more than the experimental error (5%). 
Also it will be observed that the mean value is higher than that calculated 
by the method of averages and far lower than those calculated by Slater’s 
and Angus’ methods. 





“ey «cv Ss 47 C © 


—_— now 





Diamagnetic Susceptibility of Cadmium Ion 




















TABLE III 
l 
Compound | Slope | on | ~ | ~ 
} 

Oxide 0-550 | 6-00 23-80 25-30 
Chloride 0-510 | 23-00 22-49 23-46 
Bromide 0-560 33-00 24-63 23-00 
lodide 0-550 | 44-00 27-00 25-30 
Sulphate 0-520 | 38-00 21-60 23-92 
Carbonate 0-520 | 26-50 24-52 23-92 
Phosphate 0-490 | 50-00 21°53 22-54 

Mean ..| | 23-79 23-92 
Oxalate | 0-420 «=| ~— 36-00 19-39 19-32 
Formate 0-480 | 19-50 16-39 19+78 
Acetate ../ 0-490 | 29-50 24-66 22-54 
Tartrate .. 0-531 =| 60-00 22-58 24-39 
Benzoate 0-540 | 68-10 24-90 24.84 
Palmitate nee 0-600 185-00 32-05 27-61 
Stearate ee 6+550 | 208-50 23-63 25-30 
Butyrate | 0659S | =~ s51-50 28-08 30-31 
Propionate eal 0-692 | 39-75 30-60 31-83 
Salicylate .-| 0-440 | 75-00 21-20 20-24 
Malonate ool 0-350 52-00 14°83 16-10 





The values of x, and yx, are, however, different in combination with 
different organic anions. This means that the susceptibility of cadmium ion 
is not a fixed quantity but varies from salt to salt when this ion combines 
with organic anions. Probably, this peculiarity is exhibited even in salts of 
cadmium with inorganic anions but is not so marked as in the case of 
organic anions. A mean of such widely varying values of Xca++ obtained 
from salts of organic acids has, therefore, no significance. 


The observed variations in the values of the susceptibility of cadmium 
ion deduced from various salts may be due to several reasons. Since the 
crystal structure and the co-ordination number of cadmium for different 
cadmium salts are different, these differences would, to some extent, cause 
variations in the values of the ionic susceptibility of cadmium deduced from 
these salts. It is also possible that the susceptibility of cadmium ion may 
depend on the nature and the size of the anion with which it combines. 
The values of ycat+ obtained from the graph (Table III) tend to indicate 
the plausibility of this explanation. The values of xca++ are found to increase 
with increase in the size of the anion; however, no definite relation has been 
observed between these values and the number of carbon atoms in the 
organic anion. 


The authors have also plotted the values of x,,, of salts of (i) inorganic and 
ii) organic acids against total number of electrons in the molecules of the 
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salts. The graphs (Fig. 2) obtained show that Ikenmeyer’s relation? is 
not obeyed by all salts. This result is in conformity with the observations 
of Prasad and co-workers. Prasad, Dharmatti and Ghose! have observed 
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that the patterns obtained by plotting the values of ¥,, of the corresponding salts 
of Mg, Zn, Cd and Hg against XZ are strikingly similar. The data of the 
molecular susceptibilities of cadmium salts used by them for drawing this 
graph is the same as that reported in this paper. 


A closer examination of the graphs in Fig. 2 reveals that the points corres- 
ponding to (i) CdCl,, CdBr,, Cdl, and (ii) CdO, CdCO;, CdSO,, Cd(IO,)2, 
Cd(NO;), appear to lie on straight lines. Neglecting little divergences a mean 
straight line (iii) is also drawn through the plotted points for organic salts. 
The inclinations (C,) and the intercepts (C,) of these straight lines on x,, 
axis, given in Table IV, are very different from each other. 
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TABLE IV 
Cc om 
(i) 0-520 x 1076 8-31 
(ii) 0-63 x 10-% | 15-19 
(iii) 1-505 x 10-6 | —93+39 





Ikenmeyer’s relation reduces to, 
xym= C, when 2z is zero. 


The existence of an intercept C, means that there is some contribution of sus- 
ceptibility to the molar susceptibility of a salt even when the number of 
electrons in the molecule is zero. This is possible if C, is considered as a 
correction constant like those given by Pascal*® for various linkages in 
carbon compounds. However, the values of C, given above are so large 
that it is difficult to attribute such a significance to them. 


Ionic Radius 


The ionic radius of Cdt+ has been calculated from the observed values 
for the susceptibility of the ion from salts of inorganic and organic acids, 
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The results obtained are given in Table V along with the values obtained by i 
other workers by other methods. 
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TABLE V 
: ae ; Ionic radii of Cadmium 
Iculat s 
Ionic radii calculated from Xogt+(Author ) (Other workers) 
Inorganic | Organic 


mi ere eae A ; : Pauling 
| Goldschmidt (Theoretical) 


| | 
Statistical Method Graphical Method | Statistical Method | 
| 





1-28 A 1-38 A 1-41 A 1-03 A | 9-97A 








SUMMARY 


1. The magnetic susceptibility of a number of cadmium salts of 
inorganic and organic acids have been measured on the modified form 
of Gouy’s balance. 


2. The susceptibility of the cadmium ion has been deduced by the 
statistical method both from salts of inorganic acids and organic acids; 
the mean value of the ion obtained from the latter type of salts is signifi- | 
cantly higher than that obtained from the former type. 


3. From the ym-N graphs, the susceptibility values of anions and cad- 
mium ion in combination with these anions have been determined. The 
values for the susceptibility of cadmium ion have been calculated in two ways: 

(i) by multiplying the slopes of the straight lines obtained by plotting ym-N 
graphs, by the number of electrons in the cadmium ion, and (ii) by sub- 
tracting the values of the anions (obtained from the intercepts) from the 
molecular susceptibilities of cadmium salts. The former values are more 
correct. The susceptibility of cadmium ion obtained graphically from | 
various salts of inorganic acids is fairly constant but varies in combination 
with organic anions. 


4. Ionic radius of cadmium has been calculated from the average 
values for the susceptibility of the ion from salts of inorganic and organic 
acids. 
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INTRODUCTION 


THE reaction between tartaric acid and the alkali vanadates, molybdates and 
tungstates has been investigated in detail by several workers and many complex 
compounds reported; but no attention seems to have been devoted to an 
analogous study on the alkali niobates and tantalates. As regards the tar- 
trato complexes of niobium, there has been none isolated so far. Hence 
the complex formation between tartaric acid and the different alkali niobates 
has been studied in detail under suitable conditions during the present work 


and has resulted in the formation of a class of compounds called the tartrato- 
niobate. 


A survey of the literature shows that several niobates have been reported 
with varying base to acid ratios. They are prepared by the fusion of niobium 
pentoxide with alkali carbonate or hydroxide, lixiviation of the melt and 
subsequent crystallisation or by dissolving niobic acid in alkali hydroxide 
solution. In this way the hydrated niobates are obtained and their 
formule derived by analysis. The anhydrous niobates are prepared by 
fusion of the pentoxide with alkali carbonate and their formule are 
arrived at from the amount of carbon dioxide expelled during the fusion. 
Many of the anhydrous and hydrated niobates reported have not been 
confirmed. Bedford (1905) found that 7 Na,O.6Nb,0;.32H.O was the 
most definite and best crystallised niobate of sodium. Balke and Smith 
(1908) prepared Na,O.Nb,0;.7H,O. Smith and Van Haagen (1915) 
confirmed both of these niobates as also Pierre Sue (1937). 


Of the potassium niobates studied, the compound of the formula 4 K,O. 
3 Nb,O;.16 H,O has been stated to be the most definite and best crystallised 
by Marignac (1866) and later by Balke and Smith (1908). Acid niobates 


have been encountered by Marignac (loc. cit.), Hermann (1871) and Wind- 
maisser (1942). 
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A hydrated lithium niobate of the formula 7 Li,O.6Nb,0;.26H,O 
has been reported by Balke and Smith (Joc. cit.). Among the anhydrous 
lithium niobates, Pierre Sue (1937) reported the orthoniobate; Henri 
Guiter (1939) and Henri Guiter and Emille Carrire (1943), from the amounts 
of carbon dioxide liberated during fusion, concluded the formation of 
5 Li,O.Nb,O;. The formation of the alkali niobates has been critically 
examined in this work. 


EXPERIMENTAL 
Alkali niobates 


The general method of preparation of the anhydrous alkali niobates 
consisted in fusing an intimate mixture of the requisite proportions of the 
alkali carbonate and niobuim pentoxide to 750-800° C. for 5 hours in a 
platinum dish inside a muffle furnace. After cooling in a desiccator, the 
unreacted carbonate in the fused mass was determined by reaction with dilute 
sulphuric acid and measuring the amount of CO, liberated. The ortho- 
niobates of lithium, sodium and potassium were prepared in this manner. 
The first two remained as hard masses while the last gave a glossy liquid melt. 
On analysis it was found that the lithium (3:1) niobate contained only a 
trace of undecomposed carbonate; 0:4210g. of the sodium (3:1) niobate 
melt gave 0-6 ml. of COs. and 0-2520 g. of the potassium (3:1) niobate 
melt gave 0-3 ml. of CO., showing that the undecomposed carbonate in 
the melts were negligible. The lithium (3:1) niobate obtained was insoluble 
in water; the sodium compound was soluble in water but was rendered insolu- 
ble in excess of alkali hydroxide while that of potassium was freely soluble 
in water. 


Since it has been reported that the lithium (3:1) niobate is soluble in water, 
extensive investigations were conducted by using greater proportions of the 
carbonate and introducing a flux also. . Lithium carbonate and niobium pent- 
oxide in the proportions of 5: 1 were fused in a platinum crucible for 4 hours at 
800°C. The fused mass was found to contain undecomposed lithium carbonate 
and was insoluble in water. The use of sodium fluoride as a flux was tried 
by incorporating 10% by weight of it in the fusion mixture. After heating 
for 5 hours at 800° C. the melt was still found to contain free carbonate. The 
mass was insoluble in water; lithium carbonate and niobium pentoxide in 
the ratio of 10:1 were fused to determine whether a considerable excess of 
the alkali carbonate would result in a soluble niobate of lithium. The fusion 
was tried for 4 hours at 800° C. and also at 850° C.; a hard lump resulted which 
was difficult to remove from the platinum crucible. It contained much of 
free carbonate. It was also insoluble in water. Among the other fusions 
tried, mention may be made of 4: 1 and 2: 1 ratios which also gave insoluble 
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products. Lithium (1:1) niobate was prepared as an insoluble white mass, 
Thus a soluble lithium niobate could not be prepared by the fusion method. 


The hydrated alkali niobates were prepared by lixiviating the fused melts 
of the carbonate and niobium pentoxide, crystallising, and subsequent recrys- 
tallisation from water. In this way the hydrated niobates of sodium 
and potassium were prepared. The preparation of 7 Na,O.6Nb,0;.32H,O 
has been successfully undertaken by the following modified procedure. 


Potassium niobium fluoride K,NbF; was dissolved in hot water. 
Sodium hydroxide was added to the hot solution and stirred. A white preci- 
pitate was formed, which was insoluble in excess of the alkali. The precipi- 
tate was removed and recrystallised from water, washed with cold water, 
dried and analysed by determining the amounts of niobium and alkali present 
in it. The results are enumerated in the following table: 


TABLE I 


Found | Calculated for 
| %  |7Na,O0.6 Nb2O5.32 H,0 














Na,O ..| 16-61 16-63 
NbaOs w+) 61+26 | 61-29 
H,0O we, 22-15 22-08 





The results clearly indicate that the niobate obtained has the composition 
7 Na,O.6 Nb,O;.32 H,O and large quantities of this compound have been 
obtained by this modified method. 





Pierre Sue prepared the niobate of the composition Na,O.Nb,0O;.7 H.O 
by maintaining a limited atmosphere of carbon dioxide over a solution of 
sodium (7:6) niobate; this method was adopted to prepare the hydrated 
metaniobate of sodium as stout prismatic crystals. They were analysed 
with the following results: 

TABLE II 





Calculated for 
Found | Na.O.Nb.0;.7 H.O 
o;s 


7a 
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Potassium (4: 3) niobate has been obtained as fine transparent crystals. 
They were recrystallised and analysed by determining niobium as Nb,O 
and potassium as KCl, water being estimated by loss of ignition. The following 
results recorded in Table III showed that the niobate has the composition 
4K,0.3 Nb,O;.16 H,O. 








TABLE III 
_— Calculated for 

0/ 4 K,0.3Nb.0.16 HO 

4/0 pA 
K.O --| 25°68 25-75 
Nb.Os --| 54-54 54-58 
H,0 --| 19°76 19-67 

| 








During the course of the preparation of 4K,0.3 Nb,O;.16 H,O it 
was found that acid niobates of potassium were formed when an insufficient 
amount of alkali or a lower temperature was employed in the fusion. 2-6g. 
of niobium pentoxide was fused with 3-2 g. of potassium carbonate for 3 
hours at 750° C. 


The melt was extracted with water and a small amount of insoluble 
niobium pentoxide residue removed. The filtrate was concentrated when 
a crop of thin transparent flakes was obtained. It was filtered, washed, re- 
crystallised from water, washed twice with cold water, dried and analysed. 
The results are shown in the accompanying table. 


TABLE IV 





| Calculated for 








| F 

| Found | 3k,0.4Nb,0;.20H,O 

| % or 
eee See Be 
K,0 | 16-91 16-57 
Nb,O; | 62-14 62-32 

| 

H,0 , 20-95 | 21-11 





The compound isolated would correspond to an acid niobate of the com- 
position 3 K,0.4 Nb,O;.20 H,O and is a new niobate of potassium. 





After the procedure of Balke and Smith (Joc. cit.) for preparing a 
hydrated lithium niobate, a solution of 4K,0.3 Nb,O;.16 HO was taken 
and a solution of lithium nitrate, containing a small quantity of dissolved 
lithium carbonate added. A white precipitate was immediately got which 
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was filtered, washed, dried and analysed for niobium, lithium and water. 
The following results were obtained: 








TABLE V 
Found 
yA 
Li.O Pe 10-69 
Nb.205 ee! 58-36 ; 
H.0 e+) 30-95 


This would correspond to a lithium niobate of the formula (4-87) Li,0. 
3 Nb,O;.22-5H,O. The higher lithium content was traced to the presence | 
of free lithium carbonate in the niobate; the preparation of the niobate 
had therefore to be modified as follows. 


Potassium niobate was purified to eliminate any trace of carbonate in 
it. The niobate was dissolved in water to give a concentrated solution and 
precipitated with the addition of alcohol and washed with dilute alcohol. 
The purified 4 K,0.3 Nb,O;.16 H,O was dissolved in water to a clear 
solution and a thin stream of lithium nitrate added with continuous stirring. 
A white precipitate was formed which was filtered, washed with cold water, 
dried and analysed. To ensure the absence of potassium chloride in LiCl, 
a redetermination of lithium was done by the Gooch method! depending 
upon the solubility of LiCl in amyl alcohol. The values obtained are tabulated 
below in Table VI. 





TABLE VI 





Calculated for 





| Found | 4 1i,0.3Nb.0,.15H,O 
% 
an a 
Li,O | 9-97 | 10-07 
| 
Nb.05 ..| 67-08 | 67-18 
: 
H,0 e+] 22-95 | 22-75 | 





The lithium niobate has the formula 4 Li,0.3 Nb,O,.15 H,O. It is a non- 
hygroscopic white powder sparingly soluble in water. This is a new niobate | 
of lithium. It is all the more interesting because of its base to acid ratio 


1 Scott, Standard Methods of Chemical Analysis, 1944, Vol. I, p. 888. 
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which is as 4:3. Sodium under similar conditions forms only the sodium 
(7:6) niobate and not the sodium (4:3) niobate as would be expected. 


Reaction between alkali niobates and tartaric acid 


The reaction of tartaric acid on the alkali niobates clearly indicated the 
formation of a tartratoniobate complex; therefore each of the niobates pre- 
pared was reacted with tartaric acid under suitable conditions. In general 
the procedure consisted in adding, slowly with stirring, calculated quantities 
of tartaric acid to a hot solution of the alkali niobate and concentrating to 
crystallisation. The influence of excess of tartaric acid was also studied. 
In the case of sodium complex, crystals were got which were analysed, while 
in the cases of the other two alkali metals, the solutions became highly 
viscous and crystals were not formed. Therefore recourse had to be taken to 
the use of organic solvents, when the complexes separated from their solutions. 
A method was devised for the analysis of the alkali tartratoniobates and is 
described below: 


Analysis of tartratoniobates 


(i) Niobium.—A weighed quantity of the substance was dissolved in 
water; it was decomposed with hydrochloric acid; the precipitated niobic 
acid was collected, washed, ignited and weighed as Nb,O;. 


(ii) Alkali—The filtrate from niobium precipitation was concentrated 
to a small bulk and transferred to a weighed silica crucible. It was heated 
gently over a hot plate, with the lid slightly open, when a residue was got. 
Particular care was taken to see that no loss was encountered due to spurting. 
The residue was carefully ignited when charring took place and the tartrate 
was converted to the carbonate. After cooling, the contents of the crucible 
were treated with drops of dilute hydrochloric acid to convert the carbonate 
into the chloride completely. 


The crucible was finally dried, when the mass was found to be white, 
cooled in a desiccator and weighed quickly, to exclude moisture. From the 
weight of the alkali chloride obtained, the alkali was calculated. 


In order to ensure the correctness of the procedure the following confir- 
matory experiments were done. In the case of the potassium tartratoniobate 
the alkali chloride, KCl, was obtained and weighed as such. The chloride 
was taken up in water and from the solution, chlorine was determined gravi- 
metrically as AgCl. From another solution potassium was determined by 
precipitating it as the cobaltinitrite and weighing it as K,Na [(Co (NO,.)] H,O, 
in the standard manner. 
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(1) 0-3326 g. of potassium tartratoniobate gave 0-0632 g. KCI which 
in turn yielded 0:1219g.AgCl. By calculation 0-1219 g. AgCl corresponds 
to 0-0633 g. KCl. 


(2) 0-2540 g. of potassium tartratoniobate gave 0-0486g. KCI which 
in turn yielded 0-1490 g. K,Na [CO (NO,).] H,O. This 0-1490 g. of cobalti- 
nitrite corresponds to 0:0489 g. KCl. This agreement of the values obtained 
for KCl by determination as K,Na [CO (NO,).] H,O and as AgCl shows that 
the conversion of the potassium tartratoniobate to potassium chloride is 
quantitative and that the method can be relied upon for the accurate estimation 
of alkali in the complex. 


(3) Tartaric acid—It was found that determination by the Goldenberg 
method, resulted in somewhat low values and hence the iodate- 
oxidation method was used. The method has been reinvestigated by the 
author for small quantities of tartaric acid and found that results accurate 
to 0:4% could be obtained. The following procedure was adopted: 


The sample of tartratoniobate (0-3 g.) was weighed out into a conical 
flask; potassium iodate in excess over the theoretical requirement by nearly 
10% was then added. 15 ml. water was added and then 20 ml. concentrated 
sulphuric acid added carefully. The solution was boiled for about 15 minutes 
to expel most of the liberated iodine, cooled and diluted to about 200 ml. 
and then boiled for 15 minutes till no more vapours of iodine were evolved 
as tested by a starch-iodide paper. The solution was cooled, 2 g. of potassium 
iodide added and the liberated iodine titrated against standard thiosulphate 
using a fresh solution of starch as indicator. The results were calculated using 


1 ml. 0-1 N Thiosulphate = 0-003567 g. KIOs. 
1g. KIO, = 0-3505 g. C,H,O, or 0.3084 g. C,H.Os. 


and (iv) H,0; The water content was computed by difference in all the 
cases; dehydration studies were also conducted both in air and in vacuum 
at different temperatures. 


Sodium tartratoniobate 


Sodium (3 : 1) niobate and sodium (7 : 6) niobate were reacted with the 
requisite amount of tartaric acid in aqueous medium, when the solution 
remained perfectly clear. On concentration, a glistening white substance 
separated, which on analysis was found to be Na H C,H,O,.2 H,O. Further 
concentration gave a second crop which was mainly sodium hydrogen tar- 
trate but contaminated with a niobium compound. The final crop was 
bulky and microscopic examination revealed the absence of sodium hydrogen 
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tartrate. It was recrystallised from water and analysed by the procedure 
suggested above, when the following results were obtained: 


Calculated for 





a 
| Found | Na,0.Nb.05.(C4H,O5)-10H.0 
/o | % 
| 
—EE ———— = = — 
Na,O ..| 8°35 8-04 
Nb,O; 1. 84+60 34-43 
C,H,O; ..| 34°76 34-21 
H.0 1.| 22-99 23-32 





It can be concluded that the compound obtained is the 2-sodium-2-tartrato- 
2-niobate-10-hydrate. The use of a considerable excess of tartaric acid 
also resulted in a compound of the same type, though the solution became 
highly viscous and thick and alcohol had to be used to separate the solid 
from the viscous solution. 


Na,O.Nb,0;.7 H,O was reacted with tartaric acid, the advantage 
offered by this substance being the absence of the sodium tartrate with the 
complex compound. In this case, concentration gave a viscous mass and 
hence crystallisation was done with addition of alcohol. The substance 
obtained was dried and analysed as before and the results are given in the 
accompanying Table. 





TABLE VIII 
senemmianan “lie — MEETS 
| tees } Calculated for 
4 Na,0.Nb20;. eae 
‘© 











| | 
Na,O .| 866 | 8-86 


Nb,0; ..| 38-23 37-98 
C,H,O;  ++| 37-95 | 35-73 


HO ..| 1516 | 15-48 


Thus it becomes evident that the different sodium niobates employed by 
interaction with tartaric acid lead to the same type of tartratoniobate. 


Potassium tartratoniobate 


Potassium (3:1) niobate and potassium (4:3) niobate were reacted 
with requisite quantities of tartaric acid. The hot solutions remained perfectly 
clear. On cooling for an hour in a freezing mixture, a dense white crystalline 
precipitate settled at the bottom. This was found to be potassium hydrogen 
tartrate. The filtrate offered serious difficulties in crystallisation by the usual 
methods; prolonged evaporation resulted in a semi-solid transparent jelly; 
A3 
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concentration in vaccum gave no well defined crystals. Therefore an equal 
volume of alcohol, was added, when a white substance separated, which was 
filtered, washed with alcohol, dried and analysed. The results are shown below: 
TABLE IX 
| 


— | Calculated for 
° | K,0.Nb20;.(C4H4O5)2-6H,0 
°o | % 








K,0 ..| 12-64 12-84 
Nb,O; ..| 36-69 36-32 
C4H,O, _..| 35-94 36-08 
H,0 «| 14678 14-76 


It is seen that 2-potassium-2-tartrato-2-niobate 6-hydrate is analogous to 
the sodium compound. The decahydrate was prdepared by regulating 
the quantities of alcohol used in crystallisation. The following Table gives 
the analysis of the compound: 





— a Calculated for 
“| atlas ‘itil 
| ° 


K,0 --| 11-91 11-70 
Nb,Os ..| 32-94 33-07 
C,H,O; *e 32-92 32-85 
H,0 --| 22-23 22-38 








The constancy of the composition of the potassium tartratoniobate was con- 
firmed by the following methods since it was found difficult to recrystallise 
it from water. The substance K,O.Nb,.0;.(C,H,O;)2.10 H,O, was re 
peatedly precipitated from its solution with the aid of alcohol and analysed 
for the varous constituents. It was found that even after two or three re- 
crystallisations from alcohol solution, the composition remained unaltered. 
The substance was also fractionally precipitated from its solution by regu- 
lating the quantities of alcohol used; the fractions were analysed and were 
found to conform to the same composition. Precipitation of the substance, 
from an aqueous solution by acetone gave the identical compound. It 
emerges clearly from the foregoing experiments that potassium tartratonio- 
bate is a homogeneous compound. 





Lithium _tartratoniobate 


Lithium (3:1) niobate and other anhydrous niobates prepared by the 
fusion method were found to be insoluble in water and unreactive towards 
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tartaric acid solutions. Therefore the tartratoniobate of lithium could not 
be prepared from the anhydrous niobates. The hydrated niobate 4 Li,O. 
3 Nb,O;.15 H,O was however soluble in water and it reacted with tartaric 


‘acid to yield a tartrato complex which was isolated, in the same way as the 


potassium compound. The analysis of the compound revealed the following 
results: 





TABLE XI 
Found Calculated‘ or 
oy Li, O.Nb,Op-(C4 11405) 2810 

70 
1i,0 aa 4-18 4°25 
Nb,0; ..| 37°59 37-77 
C,H,0; ..| 37-50 37-52 
H,O ai ie ts 








Properties of the alkali tartratoniobates 


2-sodium-2-tartrato-2-niobate 10-hydrate is a lustrous microcrystalline 
powder possessing a light straw color; other compounds obtained by cry- 
stallisation with alcohol are amorphous white powders. They are stable 
in air. All the sodium salts are very soluble in water but insoluble in organic 
solvents. The solubility of the deca hydrate at S° C.is 5-84g. in 100g. 
water, at 25° C. 21-46 g./100 g. water and very soluble at higher temperatures. 
The lithium salt is very highly soluble; the potassium compound revealed 
certain anomalies in solubility and are given later. They are acidic to methyl 
orange. They impart a red color to a solution of ammonium vanadate. 
Acetic acid either dilute or glacial does not decompose an aqueous solution 
of a tartratoniobate even when heated; dilute mineral acids decompose it 
slowly with the precipitation of niobic acid. Concentrated mineral acids 
decompose it immediately. Ammonia and alkali hydroxides do not pre- 
cipitate niobia but they break up the complex. The solution, unlike the 
niobates, is not decomposed by the carbon dioxide of the atmosphere; but 
moulds may develop if exposed for long intervals. The solution is suscept- . 
ible to changes by prolonged heating and vigorous boiling. Tannin imparts 
a brown color to is solution and with the addition of hydrochloric acid the 
characteristic scarlet red precipitate is formed. 


The compounds prepared were examined under a powerful petrogra- 
phic microscope using a high power (x 450). The decahydrate of sodium 
was minutely crystalline (about 1 mm.) showing needle-like prismatic forms 
and it was homogeneous. Between crossed nicols, the substance showed 
bright interference colors. The minute individuals appeared to show parallel 
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extinction. The refractive index of the substance was fairly high. A sample 
obtained by the slow evaporation of the lithium tartratoniobate solution 
in the open, on examination was found to consist of colorless prismatic 
crystals which showed straight extinction with high birefringence. 


Solubility of the potassium compound 


The solubility of the potassium tartratoniobate revealed certain ano- 
mailes which are detailed hereunder. The solubility in water was determined 
in the usual way. 

TABLE XII 





Solubility 
g./100 g. water 





5 | 0°136 

25 | 0-661 
| 

35 | 4-191 





At higher temperatures, it was highly soluble. The following table gives 
the solubilities in tartaric acid solutions. 








TABLE XIII 
| 
. e | Tartaric Solubility 
Temp. “C. | Acid concn, g./100 g. water 
5 1% | 0-22 
5 5% | 0-89 
5 10% | 0-71 





The solubility in alcohol solutions was next investigated. The percentages 
of alcohol refer to g. of alcohol in 100g. of the solution. 








TABLE XIV 
° Alcohol Solubility 
; Temp. C. solution g-/100 g. water 
5 5% 0-13 
5 10% =| 0-002 
5 25% | 0-001 
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It was soon realised that the time for which the substance was allowed to 
be in contact with the solution had a profound effect on its solubility. The 
following results confirm this view: 





TABLE XV 
° Time of keeping Solubility 
Temp.  C. the soln. Hrs. | g./100 g. water 

5 3 0-136 
5 4 0-16 
25 2 0-67 
25 24 1-89 
25 48 2-33 
25 72 2°41 
25 96 2-60 
25 | 120 2-595 








This would indicate that the longer the time taken, the greater was the solubi- 
lity of the substance upto a certain maximum. It should be remarked, that 
with longer periods, the solutions gradually tended to become colloidal; 
their colloidal nature was demonstrated by the Tyndall effect. Moreover 
the solutions easily became supersaturated and especially if formed com- 
paratively at higher temperatures, supersaturation was released only with 
considerable difficulty and that too not completely. Saturated solutions 
were made at 35°C. and 40°C. and cooled to 25°C. and 5°C., kept for 2 hours 
and solubilities determined. In solutions made at higher temperatures 
supersaturation was not at all released irrespective of the time of keeping 
or introducing nucleii. 





TABLE XVI 
aay wists oe 
° Solution cooled | Solubility 
Temp. “ C. from °C, | g./100 g. water 
5 35 2-149 
(with nucleus) | 
5 35 | 2-265 
(without nucleus) | 
5 40 3-91 
25 35 | 4-62 
25 40 | 510 
| 








The above table clearly shows that supersaturation is not released in solutions 
of potassium tartratoniobates which should also explain the difficulties met 
with in crystallisation. 
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Dehydration 


The dehydration of the compounds was conducted in air and in vacuum 
according to the technique described in Part I. The following tables 
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summarise the results :— 


In_ air 


Na,O.Nb,0;.(C,H,0, se 10H,O 





TABLE XVII 
r °C H,0 lost | Molecules of | Molecules of 
— y 4 H.O Removed| H.O Retained 
seahiatiads : » athtlietacdasaiaeindadaeh ian 
50 | 3-1 1-34 | 8.66 
no | 55) 2.36 | 17:64 
130 | 5-58 | 239 1«x+| 761 


TABLE XVIII 


Temp. ° C H.O lost | Molecules of , Molecules of 
— y H.O Removed H.O Retained 





50 | 5-19 2-32 7-68 

110 10-46 4-67 5-38 
| | 

i300 | sles | S520 4-80 





Li,O.Nb,O5.(C 4H Os).10 HO 





TABLE XIX 
is ~c. | SRM | acreatee et Deane 
eres eee aE eed 
50 | | 219 | (O86 7-14 
Mo | 07-92 | = 8.09 4-91 
0 =| (1-20 | 4.33 3-67 
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3 In vacuum 
5 Na,O.Nb,Os. (C,H 40s). 10 H,O 


; TABLE XX 





11,0 lost | Molecules of | Molecules of 




















% Hi,0 Removed, H,O Retained 
25 | 473 | 2.09 7:91 
53 | 8-60 3-69 6-31 
98 | 12-00 5-15 4-85 
| 
135 | 13°53 5-81 4-19 
: ee) eee ee oh ot) oe Ae 
K,0.Nb,0; (C4H4O3;)2 10 H,O 
1 
: TABLE XXI 
j ee es ee es oe ee ) s 
i , °C H,O lost | Molecules of | Molecules of 
— % H,O Removed| H,O Retained 
_ ' 
25 8-22 3-67 6-33 
53 11-67 5-21 4:79 
98 14-99 | 6-69 3-31 
135 15-63 | 6-98 3-02 
| 








The lithium compound by dehydration in vacuum at 135° C. lost 6:29 mole- 
cules of water. 
DISCUSSION 


It has been observed during the reaction of tartaric acid on the different 
alkali niobates, that the same 2-tartrato-2-niobate is formed as exemplified 
by the following equations: 


3 NaO.Nb,O; + 6 C,H,O, — Na,O.Nb,0; (C4H,O;). aq + 
4 NaH C,H,0,. 
7 Na,0.6 Nb,O; + 14 CyHgOx. — 6 [Na,O.Nb.0;.(C,H,O;). ag] + 

2 NaHC,H,O,. 
Na,O.Nb.O; + 2.C,H,O, -> Na,O.Nb.0;.(C,H,O;), ag. 
4K,0.3 Nb.O; + 8 CyHg05 > 3 [KzO.Nb.05.(C4H,O5)2.aq] + 

2 KH C,H,0,. 
4 Li,0.3 NbsO; + 8 CyHgO,—> 3 [Li,O.Nb,O;.(C,H,O;),.aq] + 


LigH Og. 
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The formation of the 2-tartrato-2-niobate can be explained on the basis that 
the stablest niobate in solution is the alkali (1:1) niobate. All other niobates 
in solution hydrolyse and result in the above niobate and free alkali hydro- 
xides as for example, 


3 Na,O.Nb,O; — Na,O.Nb,O; + 4 NaOH. 


The alkali (1:1) niobate formed, reacts with tartaric acid to give the 2-tar- 
trato-2-niobate while the free alkali hydroxide forms the alkali tartrate. 
Thus the parent niobate in solution is the alkali (1: 1) niobate, viz., M NbO,. 
3H,O or MH,Nb Og. (M =Na,K,Li); replacement of oxygen atoms 
by one tartrate radical takes place with the consequence that the complex 


compound of the type MH, [Nowe om | aq is formed. 
44446 


This is the alkali salt corresponding to the 2-tartrato-2-niobic acid, dis- 
cussed in Part I. The foregoing explanation for the formation of the tartra- 
toniobate also finds confirmation from the observations of Smith and Van 
Haagen (Joc. cit.) and Pierre Sue (Joc. cit.) who stated that sodium (7: 6) 
and (3: 1) niobates were covertible in solution to the (1: 1) niobate and sodium 
hydroxide. 


The crystallisation of the tartratoniobates presents certain peculiari- 
ties in so much as highly viscous solutions or jellies were encountered. This 
difficulty in crystallisation is also met with in the higher order tartrate 
compounds by other workers. Pickering (1915, 1916) reported that the 
tartrate complexes of Cu, Fe, Zn, Mg and Ni were obtained as jellies and 
restored to their isolation by precipitation with alcohol; Yoe and Mote 
(1928) prepared sodium bismuth tartrate by using alcohol; Barberi (1914) 
obtained the vanadyl tartrates of Na and K by the above technique. Marie 
Theoderseo (1937) found that sodium tungstotartrate could only be prepared 
as a viscous solution. Recently Pavilonova (1947) stated that the aluminium 
tartrate complex of potassium was obtained by alcohol addition. Thus 
it can be seen that the tartrate complexes of metals in general yield viscous 
solutions and the use of organic solvents to isolate them is a common 
practice, which has been followed for the tartratoniobates in this work. 


It was observed that the values for solubility of the potassium tartrato- 
niobate obtained from undersaturation and supersaturation did not agree. 
In solutions supersaturation was not released even by the introduction of 
nucleii. The results indicated that equilibrium values might not have been 
reached in the determination of the solubility. When the solution was 
subjected to optical examination a clear tyndall cone was noticed, indicating 
the formation of colloidal particles. Since the salt is heavily hydrated the 
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colloidal particles obtained will be hydrophilic in nature and the quantity 
of the substance going into colloidal state depends upon various factors 
like temperature, concentration and time of contact. This explained the 
irreproducibility of the solubility value. The irreproducibility of the solubi- 
lities has been noticed even in the case of a comparatively simple chemical 
like sodium iodate. Hill and Ricci (1931) noticed that in the case of sodium 
iodate satisfactory agreement could not be attained for solubility at 25° C. 
appraoched from undesaturation and supersaturation. Potassium iodate 
also behaved similarly. McBain and Kistler (1931) stated that solutions 
of potassium iodate contain colloidal particles as revealed by experiments 
on ultrafiltration. It is thus clear that the formation of colloidal particles 
has led to discrepancies in the solubility data. Jander (1933) in his work 
on the weak acids, molybdic, vanadic, stannic and tungstic came to the 
conclusion that isopoly acids show colloidal properties and the change may 
be represented as Molecule = Colloid => Crystalloid. Rosenheim’s work 
on the isopoly acids indicated that the isopoly acids or their salts can only 
be obtained as oils or glasses from aqueous solutions indicating the forma- 
tion of colloidal systems. It is, therefore, obvious that the abnormalities 
encountered are due to the presence of colloidal particles of potassium 
tartratoniobates. The tartratoniobates answer the characteristic properties 
of heteropoly compounds and are found to be acidic according to Rossi’s 
test (1929) by which they impart an orange red color to ammonium 
vanadate solution. These compounds can be derived from 2-tartrato-2- 
niobic acid by replacement of one hydrogen atom by one alkali metal 
atom, while the other hydrogen atoms not replaced by metal atoms are 
supposed to be ‘ pseudoacidic’. Data obtained during dehydration reveal 
that there are some molecules of water which are easily removed while 
others are more firmly bound and hence believed to form an integral part 
of molecular structure. It is these molecules of water which are retained 
that give the pseudoacidic hydrogen atoms. On the basis of the above 
explanation, the alkali tartratonobates can be assigned the following hetero- 
poly structure: 
O, 
M Hi Nb c4H'0) 


Where M = Li, Na or K aw =a varying number. 


|» H.0. 


SUMMARY 


This paper details the work on a new class of compounds called the 
tartratoniobate. In an intensive investigation on the alkali niobates, some 
earlier data on the lithium niobates have been contradicted. Two new 
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niobates 2 viz., 3 K,O.4 Nb,O;. 20 H,O and 4 Li,O.3 Nb,O;.15 H,O have 
been isolated. The reaction of tartaric acid on several niobates of lithium 
sodium and potassium has been studied in detail and has resulted in the 
following tartratoniobates; Li,O.Nb.O;.(C,H,O5)2.8 H,O Na,O.Nb.O;. 
(C,H,O;)..nH,O and K,O.Nb,0;.(C,H,O;)o.2. HO (n =6o0r10). The 
properties of each of these compounds have been studied in detail and the 
difficulty in crystallisation and anomalous solubility have been adequately 
explained. Dehydration has been conducted in air and in vacuum. A 
heteropoly acid structure has been assigned to the tartratoniobates. 
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INFLUENCE of a number of factors, viz., gas composition, ozoniser size, 
circulation rate, etc., on the interaction of CO and Hg, under silent electric 
discharge leading to the formation of formaldehyde has been already 
investigated. The reaction CO + H,—HCHO is slightly exothermic," 
and as one of the principal methods (viz., that from methyl alcohol) of the 
manufacture of formaldehyde is a thermal process,” it appeared of interest 
to study the influence of temperature on the present reaction under electrical 
discharge. 
EXPERIMENTAL 


The general arrangement of the apparatus and the electrical circuit were 
the same as in previous experiments.’ The discharge tube as usual con- 
sisted of an ordinary all glass Siemens’ ozoniser. To effect the temperature 
control it was surrounded with a glass jacket provided with a loop similar 
to the Thiele’s melting point bath. This jacket was filled with water, the 
temperature of which could be maintained at a particular level by carefully 
heating the side-loop. The temperature of the bath was measured with the 
help of an ordinary thermometer kept immersed in the bath. 


To maintain the comparability of the results, the experiments were 
carried out under the conditions already described,® viz., about 3,000 c.c. of 
gas mixture (CO: H, as 1: 1) were circulated at the rate of 5 and 8 litres per 
minute through the ozoniser excited by an A.C. supply of 7-2 kV and 9-6 kV 
respectively, and 500 cycles frequency. The effluent gases before being 
returned to the gas holder were passed through three absorbers connected in 
series to wash them off the soluble products. Duration of an experiment 
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was six hours exposure to discharge. 


R. H. Sahasrabudhey and S. M. Deshpande 


At the close of an experiment the 


liquors from wash traps were estimated for formaldehyde and acidity and 
the residual gas analysed with an Orsat’s apparatus with the usual absorbants 
for CO, CO, and unsaturated hydrocarbons. 


Experiments were conducted at 25, 45, 60 and 80°C. The results are 
shown in Tables I to [V and graphically in Fig. 1. 


TABLE I 


Influence of Temperature 


Applied Potential 
Rate of circulation of gases 





| 


| 
] 





T°2EN. 
5 litres per minute. 








Gas used | 


Yield of Formaldedyde | 



































K Gas mixture Acidity 
No. | Temp. °C. | circulated c.c, up % “cc. of | N/25 NaOH 
| (we. tm gm.) (c.c.) NH,CNS | gm. Percentage — 
| : ss N/lg-6 | | Tee 
| 
1 | 2 3 4 | 5 6 7 8 
| 
= | | 
1 22-25 2655 |} 20-27 | 63-95 0-09787 5-988 18-9 
(21-6339) | (538) | 
2 45-50° | 2950 25-86 | 65-95 0-1009 5-558 24-0 
| (1-8151) | (763) 
3 | 60-65 | 2900 | 26-10 65-73 0-1006 5°636 22-1 
(1-7851) | (757) 
4 80-85° | 2918 | $215 84-6 0+ 1322 7-355 31-8 
| (1-7968) | (938) 
| | | 
TABLE II 
Influence of Temperature 
Applied Potential 9°6kV. 
Rate of circulation of gases 8 litres per minute. 

~ } 

Ex Gas mixture | Gas used Yield of Formaldehyde Acidity 
= Temp. °C. | circulated c.c. | up % ‘| — of N/25 NaOH 
; (wt. in gm.) (c.c.) NH,CNS gm. Percentage | _ 

N/19-6 meets 
1 2 3 4 5 | 6 7 8 
| 
1 25° | 2870 | 27-87 27-4 0-04193 | 2-373 7:86 
| (1-7668) (800) | | 
2 45-50 2616 29°74 27°34 0-04185 | 2-065 | 17-01 
| (1-6104) (778) | 
3 60° 2626 | 30°66 28-02 0-04289 | 2-653 27-73 
| (1-6167) | (805) 
+ 80° } 2929 | 32-13 36-39 0- 05569 3-089 29-92 
(1+8031) (941) 
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TABLE III 


Interaction of Carbon Monoxide and Hydrogen—TIll1 





Analysis of the Residual Gas Mixture 








Percentage of H2.+ 




















| | | 
ip i « ee We % of Unsat. |... . 
“4 | Temp. C. | /o A COs | coeanas Percentage of CO hydrocarbons 
| | | 
| | | | | 
a 2 | 3 | 4 | 5 | 6 
| 
l ‘a 
ei 22-25° 1+5 | 1-2 | 49 | 48-3 
2 45-50° 1-58 1-35 | 48-42 | 51-35 
3 | 60-65° 1-68 4-1 43-53 50-31 
4 | 80-85 3°47 | 493 | 43-44 | 48-16 
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DISCUSSION OF THE RESULTS 


It will be apparent from the figures in column 4 of Tables I and II that 
the velocity of the reaction, as judged from the percentage reduction in gas 
volume, goes on increasing steadily with temperature (Fig. 1, Curve 1). In 
the two sets of experiments the reduction was 20-27% and 27-87% at 25° C. 
and 32-15% and 32-13% at 80°C. respectively. This increased reaction is, 
however, not reflected in an increased yield of formaldehyde which is markedly 
constant but for at the high temperature (80° C.) where it shows some consi- 
derable increase (Fig. 1, Curve 2). 


A rise in temperature of a gaseous reaction system, as a general rule, 
results in an increased reaction velocity. This may be due either to (i) an 
augmented excitation of the reacting entities (atoms and molecules),* (ii) due 
to an increased number of collisions amongst the reacting particles because 
of the increased kinetic energy, and (iii) in the case of endothermic reactions 
on account of the increased supply of heat energy. 


The temperature range covered in the present instance is comparatively 
restricted, viz., 25°C. to 80°C., therefore, any considerable thermal excita- 
tion leading to an increased reaction velocity does not appear likely. It is 
more probable that the increased reaction might be due to the increased 
kinetic energy and the consequent increase in the encounters of CO and H, 
molecules. The reaction, CO + H,—»HCHO is slightly exothermic and 
therefore, it is to be expected that an increase in temperature would have 
an unfavourable effect on the above reaction. It has been already pointed 
out that in spite of an increase in the total reaction (vide Tables I and II, 
column 4) with temperature, the amount of formaldehyde obtained is very 
nearly a constant quantity (column 6). Pure formaldehyde vapours diluted 
with an indifferent gas like nitrogen when subjected to moderate temperature 
is known not to undergo polymerisation.!° Further, in the thermal process 
of the manufacture of formaldehyde by the oxidation of methyl alcohol the 
reaction takes place practically at red heat. It is evident, therefore, that 
a higher temperature does not have a destructive effect on the formaldehyde 
formed, but on the contrary might have a depolymerising influence! as is 
perhaps, indicated by slightly better yields at 80° C. 


In Table III are shown the results of the analysis of the residual gas at 
different temperatures. It will be seen that but for a small quantity of CO, 
and unsaturated hydrocarbons the proportion of CO: H, corresponds very 
nearly to that.of the original gas mixture (vide infra). This, indeed, is remark- 
able in view of the six hours discharge to which a relatively small quantity 
(3 litres) of gas has been subjected, and is, perhaps, indicative of the reaction 
CO + H,—HCHO as the primary reaction. 
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The residual quantity of CO is slightly lesser than that of the hydrogen 
(column 5, Table III), but this difference is reasonably accounted for by the 
quantities of CO. and unsaturated hydrocarbons. This is suggestive of the 


fact that in presence of hydrogen, self-condensation of CO is not considerable. 


CO, has been assumed by Wendt and Evans® to be formed according to 
the reaction 2CO + 2H,—» CO, + CH, and by Crespi and Lunt? according 
to the reaction 4CO—C,0,+ CQ,. But, since very small quantities of CO, 
have been detected in the residual gas it might be safe to assume that both 
these reactions are not taking place to any considerable extent. The proba- 
bility of CO, combining with H, to form acids and other condensates is no 
doubt there, but in view of the almost constant quantity of hydrogen in the 
residual gas at all the temperatures studied and the increasing quantities of 
CO., this last does not appear of any great significance. 


The formation of unsaturated hydrocarbons does not appear to have 
been observed by earlier workers. The quantities formed are greater than 
those of CO, and show an increase with temperature. These, in the system 
under examination, might arise in three possible ways: 

I. CO +H, ~HCHO 

HCHO + HCHO > CH,.OH-CHO® > (Aldol condensation) 
CH,OH-CHO + H.O +CH;0H + HCOOH 
CH;0H > CO + CO, + C,H, + CH, + C,H, + H,’ 

ll. 4CO +C,0, + CO,? 
C,0. + 2H,O > CH.(COOH), - CH;COOH 
CH,;,COOH ~ CO + CO, + C.H, + CH, + H,’ 

lil. CO + 2H, ~CH;0H 
CH;0H CO + CO, + C.H, + CH, + C,H: + H,’ 

Since the possibilities (i) of the formation of carbon suboxide (vide 
supra) and (ii) of the occurrence of third order reactions in a gaseous phase 
are limited, the first mechanism appears to us as the most probable. This 


view finds support in the observation of Koenig and Wenig,? Lob,® and 
Maquenne.’ 


A consideration of the quantities of the unaccounted reaction mixture 
(weight of the starting gases minus the weight of the components of residual 
gas computed on the basis of gas analysis, weight of formaldehyde and 
weight of the acid calculated as formic acid), presuming this to be the loss 
due to the formation of the solid products? on the walls of the discharge 
tube, shows that with increasing temperature this quantity also goes on 
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increasing (cf. column 12, Table [V). But, it is, indeed, remarkable that 
at 80°C. this quantity is actually smaller than that at 60°C. This fact con- 
sidered with a substantial increase in the yield of formaldehyde at this 
temperature (80° C.) suggests that the solid products might have been formed 
through formaldehyde which is the initial product. The higher yield of 
formaldehyde at 80° C. might be due to the depolymerising effect of high 
temperature. 


It will be seen from Table I column 8 that the total quantity of the acid 
formed increases with the overall reaction as indicated by the volumes of 
gas consumed (Fig. t, Curve 3). It is suggested that it might have been 
formed according to the equation CO, + H, ~ HCOOH.® 


In the light of the above discussion, it would appear, therefore, that 
in the interaction of CO and H, in silent electric discharge the primary 
reaction is CO + H, - HCHO (vide supra) which does not appear to be 
materially affected by a rise in temperature of the ozoniser. The results 
further suggest that at moderately higher temperatures the yield of formal- 
dehyde might be actually greater due to its decreased polymerization. 
Further work is in progress. 


Sincere thanks of the authors are due to Prof. S. S. Joshi, D.Sc. (Lond.), 
F.R.LC., F.N.L, for his interest and advice. 


SUMMARY 


The study of the interaction of CO and Hy, under silent electric dis- 
charge yielding fairly good amounts of formaldehyde has been extended 
to the investigation of the influence of temperature. About 3 litres of gas 
mixture in the ratio CO: H, as 1:1 were circulated at the rate of 5 and 8 
litres per minute through a Siemens’ all glass ozoniser subjected to an A.C. 
discharge of 7-2 and 9-6kV respectively, and 500 cycles frequency. The 
ozoniser waS maintained at a given temperature by heating a surrounding 
water jacket. After six hours’ exposure to discharge the washings from 
the absorbers were estimated for formaldehyde and acidity and the residual 
gas analysed with an Orsat’s apparatus. Experiments were conducted at 
25, 45, 60 and 80°C. Although an overall increase in the total reaction is 
indicated with increasing temperature, the net yield of formaldehyde, but 
for a slight increase at 80° C. which is perhaps due to the depolymerising effect 
at high temperature, is almost a constant quantity. Since very small quan- 
tities of CO, and unsaturated hydrocrbons are indicated in the residual 
gas and the proportion of CO: H, in it remains almost the same as the ori- 
ginal one, it is concluded that formaldehyde is formed according to the 
reaction CO -+ H, ~ HCHO. 
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UBER DAS MAGNETISCHE MOMENT DES MESONS II 
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DER VERFASSER dieser Abhandlung hat unlangst gezeigt,! wie man mittels 
der Anwendung der Darwinschen Methode des Wellenpaketes im Rahmen 
der de Broglieschen Methode der Fusion das magnetische Moment des 
Mesons (ohne der Annahme eines ausseren elektromagnetischen Feldes) 
deduzieren kann. Dem geladenen Meson wurde dort die Ladung « in der 
Grosse des elektrischen Elementarquantums zugeschrieben, was mit den 
Beobachtungen iibereinstimmt.’ 


Zu diesem Zweck, d. h. zum Zweck der Ableitung des magnetischen 
Momentes wurden dort zuerst in Anlehnung an L. de Broglie vier quadratische 
hermitische Matrizen sechzenter Ordnung a, und ebenso vier Matrizen 
b, (r =1, 2, 3, 4) durch die Formeln (fiir die Elemente der Matrizen) 


(4,);2,2m = (a,)j7 Sms (6,) 2.0m — (4,)em 8, (i, k, l,m = 1, 2, 3, 4) (1) 


definiert und die Produkte Y;, Y;,,= ¥'¥,"%/'¥,," auf Grund der Dirac- 
schen Gleichungen (welche fiir jede von den fusionierten Partikeln aufge- 
stellt sind) und mittels der Darwinschen Wellenpakete berechnet. Diese 
Produkte wurden dann in die de Broglie-schen Ausdriicke fiir die statistische 
Dichte des elektrischen Stromes und und fiir die statische Dichte der Ladung 
eingefiihrt. Hier wird aber gezeigt, wie man nun die de Broglie-schen 
Funktionen ¥;, direkt auf Grund der von de Broglie fir das Meson aufge- 
stellten Gleichungen (und mittels der Darwinschen Wellenpakete) berechne 
kann. Die Frage nach einer solchen Ableitung scheint mir um so mehr 
von Wichtigkeit, weil de Broglie selbst die ersten von ihm aufgestellten 
(bei ihm mit I bezeichneten) Gleichungen als fundamental ansieht.* 


Die de Broglie-schen Gleichungen fiir das Meson lauten auf Grund 
der Matrizen (1) und (4) der friiheren Abhandlung*) 


hk Pa) Py) Py) ; hid 
ti (a: ax t 2 ay my , T a Mee + 5 a} %e=0 (2) 





*(Es ist hier sowie in anderen Ausdricken der Index i vom Faktor(auch Zéhler, 
Nenner) i = /— 1 scharf zu trennen (bzw. mit ihm nicht zu verwechseln.) 
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fiir die erste (a—-) Gruppe der Matrizen und 


A ss ) >\ , hd 
{" (b1 5 + bs 3y + Os 5) + byuge + 5, | ~.=0 (3) 


fiir die zweite (b-) Gruppe der Matrizen. Auf Grund der Darwinschen 
Wellenpakete der friiheren Abhandlung kénnen wir gleich die “‘grossen” 
Wellenfunktionen Vy (i, k =3,4) konstruieren; sie lauten unter der 
Annahme o’ =o” =o der friiheren Abhandlung 


_ (x—v, t)?+ (y— vy t)? + (x— vg t)? 


—— : 2! (p.x+p y+p,z—Ubl) 
W..=A/A,"e - Siena 





= A,’A;’P (i, k = 3, 4) (4) 

Um die Ausdriicke fiir die Komponenten j,, j, und j, der statistischen 
Dichte des elektrischen Stromes auf Grund der Gleichungen (6) der friheren 
Abhandlung zu berechnen, miissen wir noch diejenigen Wellenfunktionen 
YP; aus (2) und (3) berechnen, deren ein Index unter /, m kleiner als 3 und 


der zweite grésser als 2 ist. Zu diesem Zweck schreiben wir zunichst die 
Wellenfunktionen Y,,, in der Form 


; ; 
2 jj (PX +PyyY+P2z—U!) 


Y, . = BB,” e * GZ, m =1,2,3,9 (5) 
und berechnen den Ausdruck 2 : a dies ergibt 
ee 
ic 0t a Poon 


oder unter Anwendung von U = Mo a 


h oP, wy 
; » =e 7 
ic ot Bo * Lm 


Unter Beachtung aller dieser Bedingungen erhalten wir aus den ersten 
zwei und aus der dreizehnter und vierzehnter Glwichung (2) und weiter aus 
der dritten vierten, siebenten und achten Gleichung (3) mit Beziehung auf 
(4) und in Newton-scher Naherung fiir t =0 

_ Ag” f 


v= At Si Ag p,— i Ae'Py-t As'D, + hott At Z} P (6) 
Me | ” 





u. S. W. 


Die Gleichungen (4) und (6) und die ihnen konjugiert-komplex ges- 
chriebenen Gleichungen ergeben alle Ausdriicke fiir die Wellenfunktionen 
Y)m, Welche notwending sind, um aus den Gleichungen (6) meiner friiheren 
Abhandlung die Komponenten der statischen Dichte des elektrischen 
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Stromes zu berechnen. Deswegen kénnen wir simtliche weiteren Berech- - 
nungen—als identisch mit denjenigen in meiner friheren Abhandlung— 
weglassen; sie wiirden selbstverstiindlich zu demselben Resultat fiir das 
magnetische Moment des Mesons fiihren. Da nach neueren Berichten** 
dem sog. -Meson der Spin $ zuzuschreiben wire, bezieht sich selbstver- 


stindlich diese Abhandlung nur auf solche Mesonen, welchen der Spin 1 
zugeschrieben werden kann. 


Es bleibt noch iibrig, die Frage zu beantworten, ob die Ausdriicke (5) 
fiir die Wellenfunktionen ¥,,, die Lésungen der Gleichungen (2) und (3) 
sind. Zu diesem Zweck bezeichnen wir B,’B,,” mit B;,, und erhalten so 
aus den Gleichungen 


2 : , 
= ( 1 + H40¢) B,,+0-Bs3+ 2(— ipy+ PD.) Bs i+ 2ip,.Bai+ 


0-B, 2+ 0°B,.+ 0-B3 2+ 0°Byo+ 0-B, 3+ 0-B33+ 
-- 0-By;+ 0-By 4+ 0-Bs 4+ 0-Bs 4+ 0-B,,=90 
und noch 15 ahnliche Gleichungen 


(insgesamt 16 Gleichungen). Damit von Null verschiedene Lésungen B,,, 
existieren, muss die Determinante 16%" Grades, in der die. Elemente aus 
den Faktoren vor B;,, bestehen, Verschwinden. In dieser Determinante 
sind aber nur diejenigen (obwohl nicht alle) Elemente von Null verschieden, 
welche sich innerhalb der 1. und 4., innerhalb der 5. und 8., dann innerhalb 
der 9. und 12. und endlich innerhalb der 13. und 16. Reihe und Spalte 
befinden, so dass die Determinante folgendes Aussehen hat 


I 











II | 
| —| =0 (7) 


wo mit I, II, III und IV die eben beschriebene Gebiete der Determinante, in 
denen auch von Null verschiedenen Elemente vorkommen, bezeichnet sind. 
Die Determinante auf der linken Seite der Gleichung (7) kann man aber 
als Produkt von vier Determinanten 16, Grades darstellen, von denen jede 














< 
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nur das eine von den Gebieten I, II, [III] oder IV inne hat und statt anderen 
Gebieten positive Einheiten in der Hauptdiagonale stehen, wiahrend alle 
andere Elemente =O sind. So reduziert sich endlich die Determinante 
(7) auf das Produkt von vier Determinanten 4%" Grades, von denen jede 
einem Gebiet I, II, IIl oder [V der Determinante (7) entspricht. Jede von 
diesen vier Determinanten 4" Grades fihrt aber zu dem Ausdruck 


U2 202 " a 
( cz ae ae “ nr p:)* 


und dieser soll gemass (7) gleich Null sein. Deswegen wiirden die daraus 
gezogenen weiteren Schliisse analog denjenigen sein, welche schon aus der 
Diracschen Theorie bekannt sind,‘ nur mit der Bemerkung, dass jetzt nach 
de- Broglie” insgesammt 2*= 4 Produkte A,A, beliebig wahlbar sind. 


Ahnliches Verfahren kommt bei der Anwendung der Ausdriicke (5) auf 
die Gleichungen (3) vor; dies ergibt insgesamt 16 Gleichungen 


2 
= ( 4 + nee) By, + 0-B,,+ 0°B3,+ 0°B,,+ 0B, + 


+ 0-By2+ 0° B+ 2 0°By2+ 2 (—ip, + p.) By 3+ 0° Bo3+ 
aa 0-Bs3+ 0-By3+ 2ip,By 4+ 0-Bo 4+ 0-Bs 4+ 0-B,,=90 


Damit auch in diesem Fall von Null verschiedene Lésungen B,,, 


existieren, muss die entsprechende Determinante 16° Grades, deren z.B. 
erste Reihe lautet 


a Ce 4 0) 0, 0, 0, 0, 0, 0, 0, 2 (— ip,+ p,), 0, 0, 0, 2ip,, 0, 0, 0, 


verschwinden. Diese Determinante aber kann man wieder als Produkt 
von vier Determinanten 16‘ Grades vorstellen, von denen in der ersten 
(zweiten, dritten, vierten) die erste (zweite, dritte, vierte), fiinfte (sechste, 
siebente, achte), neunte (zehnte, elfte, zwolfte) und dreizehnte (vierzehnte, 
fiinfzehte, sechzehnte) Reihe mit denjenigen in der primiiren Determinante 
16*" Grades iibereinstimmen, wahrend in allen anderen Reihen alle Elemente 
gleich Null sind mit der Ausnahme derjenigen in der Hauptdiagonale, welche 


der Einheit gleich sind. Da sich jede von den eben erwahnten vier 


Determinaten bei der Entwicklung auf eine Determinante 4" Grades 
reduziert, erhalten wir zuletzt statt der primiren Determinante 16°" Grades 
das Produkt von vier Determinaten 4" Grades, von dene jede bei der 


2 22 2 
Entwicklung weiter zu dem Ausdruck (* = " — p,* — p,* — Ps) fiihrt 
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was iibrigens aus der schon bekannten Kompatilbilitit® der Gleichungen 





n 
e (2) und (3) zu erwarten war. 
€ Zusammenfassung.—In Anlehnung an die friihere Abhandlung, wo 
C die zur Berechnung der statistischen Dichte der Ladung und des elektrischen 
n ; ° 
Stromes des Mesons notwendigen Ausdriicke ¥,;, ¥,,, durch Anwendung 
der Darwinschen Wellenpakete und mittels der Diracschen Gleichungen 
abgeleitet wurden, wird hier gezeigt, wie man die de Broglie-schen Wellen- 
funktionen Y7,, direkt aus den von L. de Broglie fiir das Meson aufgestellten 
; Gleichungen deduzieren kann. 
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1. INTRODUCTION 


IN a previous paper,! the spreading of an initial disturbance caused by initial 
displacements localised in a finite region of an infinite linear lattice con- 
sisting of two types of particles, has been discussed for sufficiently large 
values of time. In the present paper the state of vibration of the particles 
of the lattice is studied for sufficiently large values of time when the particles 
of the infinite lattice have arbitrary initial displacements and initial velocities. 


2. EQUATIONS OF MOTION AND THEIR SOLUTIONS 


Consider a lattice consisting of two types of particles with masses m, 
and m, alternating one another at equal distances. If we denote the dis- 
placement of th m-th particle at the time ¢ by x,, (7), the equations of motion 
of the 2r-th and (2r + 1)-th particles are 


ee os 
— MXer = BoXer + 2 Bo, (X2,+25 + Xar-2,) 


s=1 


to =] 
+ 2 Boos (Nertarit Xor-oe-a) 


or co 
— MoXer44 = Corea t 2 Co, (Xepsopat X2,-2541) 
s=1 


+ 4 Basia (X2,+2542+ X2,-05)s (1) 


where B’s and C’s are force constants. B,, denotes the force constant for 
an even particle due to the presence of an even particle whose co-ordinate 
differs by 2s. C,, denotes similarly the constant for an odd particle due 
to the presence of an odd particle whose co-ordinate differs by 2s. B.,, 
denotes the force constant for an even particle due to the presence of an 
even particle, whose co-ordinate differs by 2s + 1. 
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In our previous paper which will be referred to as A, it was found that 
if the initial conditions are given by x) (0) =a, x,(0) =0,all r +0, and 
x, X,(0) =0, for all r, the asymptotic solutions are given by 


Xo,~@ (7) ( ¥4) cos (9 — i) 
+(-1fa (| ay EA) cos (dt + 7), 
soa — a2) (52) 08(00 3) 0 


where 9, = V2(a ED), % = 2a and a >b and 2a = *, 25 = _ all 
1 2 

other force constants vanishing while neighbouring interactions are only 

taken into account. When b >a the expression for x2, will be changed 


by the phase — z/2 in the second term. 


If we seek the asymptotic nature of the displacements when any set of 
particles have initial displacements, but have no initial velocities, we obtain 
by the principle of super-position, 


se = (5) (oan) (een) e0s (1-9) 


+ EF (~1)/-"a, ae y cos ( dst + 4) 


~ Ese (9) (Ae) eo("- 9) 
con =~ Eom (22) e00(00-2) 
+ Bean (2) (2) coo(00- 9) 
+ Far oun PSG @ 





where 3, = 1/2b. 


Let us now suppose that the 2m-th particle has an initial velocity § 


2m 


while all the others are at rest in their equilibrium configurations, and also 
suppose that all the particles are interacting. We seek solutions of the type 


~=see™., 
(4) 


i (wt — r¢) 
Xervs = 2 (P) ; 














332 N. S. Nagendra Nath and Sanat Kumar Roy 


It was shown in (A) that w satisfies the equation 


mymn,w* — w? | m; G + MsBy a 2 = (mC, +b M>Bz,) cos Sh | 
s=1 
4. [Co os 22 C,, cos s$| | Bo + 228, cos sd | 


co 2 
— 4| 2Bs,.1 cos (s + 4) | =0. (5) 


The equation gives four values of w for each ¢, which are denoted by 
W 1, Wo, — Wy, —@, and the corresponding values of f(¢) and g(¢) are denoted 
by fis fos Sas fa and 21, Yo, Ba» Ba. 


The general solutions can be written as 
1 27 7 
Tw,t jwol . —Itw,t — iwgt — ir¢d 
Xe, = 4, f {fe “ +fe” t+fe " +fe °* he d ¢, 
0 


T 





2 iwyt — iwyt iwot — lwot , 
oe fie +fre __ fe +fe ),~* 
Nort es ir : 5° (d) + be (¢) ; e dd, 

where 

Mw," = {Cy — y. =C,, cos so} 

MQ) = eS $s 
22 Boe cos (s + 4) ¢ 
2 

and 


Cc 
Mw,? — {Cy + 22'C,, cos sd} 
1 _ 


#(d) = 


2 E Bes e _ ry 4) ¢ | 
The equations stating the boundary conditions are 
Atht+ht+f, =9, 
HA +fs) + A(f2 +f) =9, 
isn (fi — fa) + ions fe — fa) =2Bam er” 
po, (f, — fs) + Aw (fe — fy) =0. 


The first of the above equations, gives us 


Ath =-(ht+fo 
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and therefore, by virtue of the second equation, since A = p, we have 
fh=—fss 
h=—- fi 


The last two equations now become 


and 


, : img 
iayfy + iwefs = Bom € > 


pw fy + Awef, =0. 


From these, we get 
im®¢ 
J — AB om e . 
+ dan (A = p) 
im@¢ 
he _ PB om e 
~ Tad (uw — AY 


The displacements are, now, given by 


1 27 iw,t — iw,t iwot ie — ire 
xy =g,) {Ale —e " )+hle™ —e yhe ag 
0 
i ‘d — , — ird 
= mat (f, Sin w,t + fo Sin wel) e dd, 
— Bom if A sin wy SIN Wo im —r)¢ 
“Eliana sa de 
and . 
5 a Bom r sin w,t sin Wot i(m —r)¢ 
X9,-+1 a lw, (A— p) + aa dd. (7) 


Let now the (2m -- 1)-th particle have an initial velocity f,,,.,, and all 
the others be at rest; then, as in the previous case, 


wf, + wf, =0, 
P : imd 
ipwyf, + iAwof y = MBoms1 e 





Therefore, 


imd 
= MBomt1 re 
iar (u — A)” 

ime 


h= \tBomia € 
, ie (A — ps) ” 
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and’ so the displacements are given by, 


oT 
sh Page { Awsin wl , AwSin wot ) a —r)¢ 


ae 2a lw,(u— A) ° we(A— p)) dé, 
0 
and 
27 . . . 
. a Bows+1 jeSIMN wt ASIN wot ) Pi —r")¢ dé 
Neri 97 J) la,(ue— A) * w(A— p)) = 


0 


The general solution is obtained by superposition. 


oF 
2° eee (Asin wt , SIN wot ) Im™—Ne 
Yer = m2. a, lw, (A — yp) ' Ws (u — A) j ¥ dg 
ail 
yo 3 (AwSin wt , AwsSin wf) a —r)¢ 
’ hie lw, (u— A) * we(A— py) © dd 
and 
pg af i i t ) i(m —r)¢ 
l & ( Sinw st , SiN ws m— 
fent4 = ~ 9 ’ —— e d 
*a 2a n=- aP™ f lw, (A — Ht) We (u — A)) ? 
e 
us \ ( 
i = sin wf Asin wot ) ee 
t+- 2 sh. 5 as ld. 
‘ , nee, edie Cw, (mu — A) ‘ We ( (A — us © do (8) 


0 


When only the neighbouring particles are interacting, (8) can be written in 
the form 


’ (w 2b) 
Xe = z fon J ) sin wyt 
ni pa (a, (w,2 - — Ws" 


wo: — 2b 3 i(m —r)¢ 
aa (a, 5 B sin wot' e dd 
Wy (Ws" — w ,") il ' 
oT a ” r 
™ 1 = 2 { (@#? — 2b) (we — 2b) sin wt 
T = = P2mt1 ~ tar 
il ata 2be cos 6/2 + (w,? — we") w, 
(w,? — 2b) (wy? — 2b) sin wot ) i(m—r)¢ 
+. ie le dd, 
2he cos $/2 - (ws? — a2) wo 
and 
27 —ig/2 ; 
ais 1. vu { 2be cos ¢/2 * sin wt 
AQr+l1 on eet 2m ( (ws ae w,”) Wy 


0 


ig/2 
2be cos ¢/2 * SiN wet) f(m—rn¢ 
t- ; e dd 
(w,* — ag” 2) we ) 
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27 
i= 2? — 2b) sin wyt 
+ 2 Boys {Cos 2 2 “1 
27 -co * ( (a@° — wy") wy 
2__ 2b) sin wot) i(m—r) ¢ 
+ —- Seon, db. (9) 


(w,” — we") we J 
The two values w, and w, in the above equation, when neighbouring 
interaction only is taken into account, are given by 


wo =Vat+b+vV a? +b? + 2ab cos 
and 
w= Va +b — Va? +b? + 2abcos ¢. 


The first equation of (9) becomes 


"bag — 2b) sin wt 
Xo, = 2 Ep ( , : 


7 0 (wy? — wg”) wy 
ey 
“- Le z ae fet: — 2b) (w.? — 25) sin oe m ra P , 
pine b(w,? — w,2)(l +e — _ 
+32 Ban f (on? — 28) (an? — 26) si eat ‘ghiilg e 


b(w,° —o,)(1+e- *) we 
Or 


e Boy f fly — 2b) sin w,t 


(w,? — Wo”) Wy 


+ (@y° — 25) sin ot} cos (m — r) ddd 


(co,? — a2) 


. 1s ss 2b) (w_? — 2b) {cos (m — r) d + cos(m — r + 1) 4} 
ai = Peati (w,? aa *)b W,* 2 (1 + cos ¢) 


L1$, P(u,? — 2b) (w5” — 2b) {cos (m — r) d + cos (m— r + 1) 9} 
TW o5 ime . (w2? — w 4") web - 2(1 + cos 4) Siiiad 


SiN wet dp. (10) 
In (10) we change the variable ¢ to w by means of the relation 


w=+ Va+b + Va +b? + 2ab cos 4, (11) 
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from which we get 
4 (w? — = b) dw 


4? =~ 72 (a +b) — 0} {w® — 2a} feo? — 2) & 
Since 
w =Va+b + Va? +6 + 2ab cos 4, 
Ww, = Va +b — v/a? + bh? + 2abcos 4, 
and 
w,? — w_?= 20, w,2 =a+b+o, w,? =at+b—s, 
where 
a = V/a® +b? + 2abcos ¢, we have, when a > b, 
¢ =0, w =V2@ +A), w, =0; 
and when 


$ =7, wo, = V2a, w, = 26. 


The equation (10) by virtue of (11) and (12) becomes 





\/ 2a 
— 45 Bo (w1?— 2b) (w,?— a— b) cos (m— r) d-sin wyt d 
“ar Tico” J 2ou, {2 (a + b) — @,"} {w,? — 2a} {w,2— 2b} m1 
V2(a+ 5) 
W/2b 
._*F B (c29?— 2b) (w*— a— b) cos (m— r) d:sin wet d 
a) J) — 20w, 1/{2 (a+ b) — w,7} {w.* — 2a} {w,? — 25} We 
4° 
- 7 = Bonet 


/ 2a 
fs a— b)(a— b— 0) {cos (m— r) $ + cos (m— r + 1) dhe sin ayt 
Abow, «2 (1 + cos $) Vi2(@ + b) — &F} fw? — 2a} {ew,? — 5p 
72 (a+b) 
4 


co 
— 2 EF Bows 








VD 
(w_?—2b) (a—b+a) (w2*—a—b) {cos (m—r) $+ cos (m—r+1) 4} sin wot 
— 2abw, * 2(1 + cos 4) /{2 (a + 5) — w,*} {w,? — 2a} {w,? — 25} 


dw». (13) 
We shall find the asymptotic value of (13) when ¢ is large. 





roth bit cay a 
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The maximum contributions to the values of the integrals in (13) come 
from the points at which w, = /2 (a + bd), w, = V/2a, w, = +/2b. Evidently 
the second and the fourth integrals in (13) contribute nothing. The dis- 
placement x2, can now be written approximately as 


V2 (a+b) 


sin wt 
a E Banal? V/2(a bf Te +b) —w,? deo, 


—Fr © 
2. = a —b(— 1)” SiN wit 
+ Ae a = Bam Db ~4/2a : lex a, dw, 


V 2a 


V2 (a-+-b) 


_2§ i. — SiN wyt 
=F Bem al 53 (a $5 J vierd ap 


sin V2 (a + b) zt dz 
-2E tunlsverrns i—-- 


=> 
z= a —b(— 1)" sin +/2a zt dz 
ed ee ie ae ae mo 


1 


23 8, 7 ‘sin V2(a +b) 2t dz 
ott A 5 4/2 i +6). V1 —2z? 
? 7—iK(-) 
+ 2 Bimal 5" 7 — Jo (Vat) 
— Femi nl ox@ah K WIG HD. 


When ft is large K (#,t) ~ a/ Ee. ; Sin (94 — ‘) 
1 


and 
Jo (Pot) ~ a/ on cos ( (out — a) 


Therefore, the asymptotic value for the displacement x., when ¢ is large is 
given by 











ww 
ie) 
io 4) 
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sin —~ 
we =(8) (3) (Ean) 9 
+ F-0 "Bama 25? ( 2 _ Ss +) 





md ot 


~Fheasli(gt,) 9) 


“oe b\ 8, tr uy 


Similarly the asymptotic value of x.,,, is given by 


ini sin (3,¢—7 
a Z Bo ( 2 y n( 1 4) 
ort ere “mM a a, tr 


az" 


+z witZ , sin (0 v- *) 


a [7 


LB ut" tn Poet (ge, ED) 


3. SUMMARY 


The asymptotic nature of the vibration of an infinite linear lattice 
caused by arbitrary but small initial displacements and initial velocities, 
has been studied. 
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1. INTRODUCTION 


Many of the physical properties of the alkali halides, which belong to the 
well-known group of binary ionic compounds, have been extensively studied 
by various investigators and the comparatively simple structure of the solid 
crystalline phase of these substances has also made it possible to make a 
theoretical correlation between their structure and the observed data. The 
particular interest in the anomalous behaviour of the ammonium halides, 
hitherto not fully understood, has created during recent years a considerable 
literature describing the physical properties of these salts. Another peculi- 
arity regarding these halides is that they are dimorphic, crystallising in the 
cesium chloride type lattice at ordinary temperatures and changing over 
to the rock salt type lattice at elevated temperatures. 


The single crystals of these salts have been extensively studied in this 
laboratory. R. S. Krishnan (1947, 1948) has studied their Raman effect 
and its variation with temperature; Ramaseshan (1947, 1948) has investigated 
the Faraday effect and the magneto-optic anomaly in these crystals while 
Rao and Balakrishnan (1948) have determined their separate elastic constants 
by ultrasonic method. As one of the most important thermodynamic pro- 
perties of a crystal in relation to its structure is the thermal expansion, which 
provides information on the lattice vibrations and thus indirectly on the 
binding forces, it was thought worthwhile to study the same above the room 
temperature. This has been accomplished by employing the interferential 
method used by the author (Sharma, 1950) in previous determinations, and 
the results are set forth in the present paper. 


2. PREVIOUS WORK 


As is well known, these crystals possess a A-transition point at or in the 
Vicinity of which their various physical properties exhibit anomalous behaviour. 
These interesting and peculiar properties studied by various workers, have 
been summarised by Menzies and Mills (1935) and by R. S. Krishnan (1947, 
1948). The coefficient of thermal expansion was studied by Simon and 
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Bergmann (1930) in the low temperature region up to — 66° C. Their observa- 
tions indicated a catastrophic change of length at the temperature to be 
expected (242-8° K. for NH,Cland 235° K. for NH,Br), but while the chloride 
expands the bromide contracts. Further, they measured the expansion along 
and across the needle direction of the crystal and found that the expansion on 
passing through the transition temperature was not the same for both the 
directions and thus they concluded that the crystal cannot have complete 
cubic symmetry in both conditions. Smits and Mac-Gillavry (1933) found 
a hysteresis effect in the expansion of the chloride, the transition temperature 
not being the same on heating and cooling. Adenstedt (1936) has extended 
the thermal expansion weasurements of ammonium chloride down to 
—200° C. and has confirmed the existence of the hysteresis effect, which takes 
place, according to him, in a surprisingly narrow temperature interval of 
0-3° C. near the transition point. 


The thermal expansion of these crystals above the room temperature 
has not been studied so far, the only value available in the literature being 
that of Fizeau (1867) for ammonium chloride at 40° C. Of course the thermal 
expansion of these halides can only be studied up to moderately elevated 
temperatures due to the onset of sublimation at higher temperatures ac- 
companied by dissociation of the salts. ‘ 


3. OBSERVATIONAL DATA AND RESULTS 


All the necessary data are entered in TablesI toIV. In Tables I and Il 
are recorded the relative changes of length for NH,Cl and NH,Br respec- 
tively. The temperatures are entered in the second column of each table. 


TABLE I. Relative changes of length for NH,Cl with temperature 


























L y= 0-2895 cm. 
Av = 5462:2 A Barometric height = 636 mm. 
7 = 0:0,94338 Temperature of cold junction = 22-6°C. 
eg 
No. of Tn Ay AN - 103 Air-correc- SL 102 | 
(AN) | OC) 2g” tionxl0® | 7, °/° | 
| — 
| 0 23- 2 ee ee ee | 
10 39-9 0-9434 12-0 0-9554 | 
20 55-1 1-8868 21-9 1-9087 | 
30 68-9 2-8301 30-2 2-3603 | 
40 81-9 3+7735 37°3 3-8108 | 
50 94-0 4-7169 43-5 4-7604 | 
| 60 105-3 5-6603 49-0 5-7093 | 
70 115-9 6-6037 53-8 6- 6575 
80 125-8 7-5470 58-0 7-6050 
| 85 130-6 8-0187 60-1 8-0788 | 
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TABLE II. Relative changes of length for NH ,Br with temperature 





Ly = 0-2734cm. 
aw = 5462°2A Barometric height = 676 mm. 
1 = 0-0,99894 Temperature of cold junction = 24-4°. C. 
y F 
No. of fringes\Temperature Av | AN « 193) Ait-correc- SL. 102 
(AN) CC.) 2b, ~~ tionx10® | Lo 
0 25°2 wa | vn = 
10 41-6 0-9989 12-4 1-0113 
20 56-9 1-9979 22-9 2-0208 
30 71-3 2-9968 31-9 3-0287 
40 84-4 3-9958 | 39-5 4-0353 
50 96-7 4-9947 | 46-1 5-0408 
60 108-1 5-9936 | 51:8 6-0454 
70 118-9 6- 9926 56-9 7-0495 
75 | 124-1 7-4921 59-3 7°5514 

















TaBLe LI. Coefficient of thermal expansion for NH,Cl 
az = 0:0,4916 + 0-0,2122¢ + 0-0,137222. 














| 
Mean tempera- a@X108 ax10° | Difference 
ture (°C.) | (Observed) | (Calculated) y 4 
31-6 57-22 | 57-24 a | 
47-5 62-72 | 62-34 +0-6 | 
62-0 68-96 | 67-59 +20 | 
715+4 73-11 | 72-97 $02 | 
88-0 78-48 18-47 ae | 
99-7 83-97 | 83-95 a 
110-6 89-45 89-41 fe 
120-9 95-70 | 94-85 +0-9 
| 128-2 98-72 | 98-92 —0-2 


| 





TABLE IV. Coefficient of thermal expansion for NH,Br 
a; = 0-0,5553 ++ 0-0,1216¢ + 0-0,185222. 

















= ne ax10° ax 10° Difference 

| ture (° C.) | (Observed) | (Calculated) x 

| 

| l 

33-4 61-66 61-66 

| 49-3 65-98 66-02 

64-1 | 70-00 70-94 —1-3 

77-8 76-84 76-20 +0-8 

90-6 81-75 81-75 is 

| = 492-4 |S 8812 87-40 +0°8 
113-5 92-97 93-16 —0-2 
121°5 96-52 97-63 -1-2 
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The coefficients of thermal expansion a are inserted in the second column 
of Tables IIl and IV for NH,Cl and NH,Br respectively. The correspond- 
ing mean temperatures are entered in the first column. The observed values 
of the coefficients of expansion have been correlated by interpolation formule 
given at the top of these tables for each crystal separately. The calculated 
values of a from these formule are entered in the third column of each table, 
while the difference, in per cent., between the observed and calculated values 
of a has been inserted in the fourth column. 


The variations of the relative changes of length with temperature 
have been depicted graphically in Figs. 1 and 2 for NH,Cl and NH,Br 


respectively while those of a with temperature have been represented 
in Fig. 3. 
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Fic. 1. Relative changes of length for NH,C! with temperature 
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Fic. 2. Relative changes of length for NH,Br with temperature 
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Fic. 3. Variation of a for NH,Cl and NH,Br with temperature 
4. DISCUSSION 


A close scrutiny of the variation of thermal expansion of ammonium 
chloride and ammonium bromide with temperature reveals a very striking 
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difference to other alkali halides. For the sake of comparison, in Table V 
are compiled the coefficients of expansion for NaCl, KCl, KBr along with 
these two ammonium halides, at 0°, 60°, 120°, and 700°C. The values for 
the former salts are calculated with the aid of interpolation formule given 
in Eucken and Danndhls’ paper (1934). 


TABLE V. Coefficients of expansion of the alkali halides at 
different temperatures 





| Substance - | ao* -10° Gg 0+ 108 | Q120° -106 | Q709° 10° | 
| | | 

| NaCl al 40-31 40-76 77 41-63 13°77 

| Kel | 31-92 33-98 36-18 64-56 | 

| Ker 37:99 38-94 40-26 72°58 

| NH,Cl -| 49-16 66-84 9439 i | 

| NH,Br “ 55-53 69-50 96-80 | 


From this table it is clear that while the variation of a with temperature for 
the first three alkali halides is very small, that for the ammonium salts is 
exceedingly great in the same temperature interval; so much so it attains 
practically a double value at 120° C. while the former salts attain nearly a 
double value for a at about 700° C., that is, near their melting points. 


Although no extensive thermal expansion data for crystals having the 
CsCl structure over any range of temperature are available in the literature, 
yet the following conclusions can be drawn from a study of the thermal 
expansion of these ammonium halides. Firstly they exhibit the same sort 
of gradation in the values of a as do the other alkali halides. Another point 
of interest comes out if we compare the value of the thermal expansion with 
lattice spacings, r5. Thus for NH,Cl the interionic distance, i.e., the 
distance between one ion and the nearest neighbour of the opposite 
sign is 3-34, that for NH,Br is 3-51 A (Slater, 1939). A comparison of 
these values with the coefficients of thermal expansion shows that as the 
interionic separation increases, the expansion of the crystals increases (the 
charge on the ions remaining the same). It may be remarked here that 
the elastic constants of these halides (Rao and Balakrishnan, 1948) also exhibit 
the same sort of gradation. In the fifth column of Table VI are entered the 
values of compressibility (at 30°C.) which bring out this statement clearly. 
To make the comparison complete, in the third column of this table are 
inserted the values of the lattice energy, U, (taken from Landolt-Bornstein 
Tables) and in the last column the values of the melting points are entered. 
Due to sublimation of the ammonium halides, their melting points are not 
known, but Bartha (1912) (quoted by Mellor, 1922) has given the boiling 
point of NH,Cl as 245°C. and that of NH,Br as 235°C. both in vacuo. 
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TABLE VI 
| | 
. Yo 0 a-10& x.102? M.P. 
Substance | (A) kcals, mol.~1 deg.-1 cm.? dyne=! Cc 
| | 
| LiCl os 2°57 199-2 | 44 | 3-41 613 
| Libr un 2°75 188-3 50 4-31 547 
NaCl 2-81 183-1 | 40 4-20 804 
NaBr 2.98 174-6 43 5-08 155 
KCl 3-14 165-4 | 33 5-63 176 
KBr 3-29 159°3 38 6-70 730 
| CsCl 3-56 152-2 50 5-94 646 
| CsBr 3-71 146-3 | 60 | 1-05 636 
| NH,Cl 3-34 161-6 55 | 6-02 nt 
| NH4Br 3-51 | 154-0 | 60 6-40 
| i 





5. EVALUATION OF THE GRUNEISEN’S CONSTANT 


The values of the Griineisen’s constant y, have been determined by 
making use of his well-known relation. For this purpose the molar specific 
heats for NH,Cl at constant pressure, C,, are evaluated by making use of 
equation (1) given by Kelley (1934) which is based on the experimental 
results of Klinkhardt (1927). 


Cy, =9-8 + 36°8 x 10°T. (1) 

This equation is valid from 273° K. to 457-6° K. at which there is a transi- 
tion of the lattice structure from cesium chloride type to rock-salt type. The 
values of C, so calculated are entered in the second column of Table VII. 
The values of the molar specific heats at constant volume, C,, have been 
calculated by using the well-known relation and entered in the third column. 


The other quantities involved in the expression for y are V,, the gram- 
molecular volume, and x,, the compressibility, both at absolute zero of 
temperature and under no external pressure. The value used for ¥, = 
35:04 c.c. which is the value under ordinary conditions of temperature and 
pressure. The value of compressibility for NH,Cl at 30°C. and normal 
atmospheric pressure as given by Bridgman (1931) is 6-02 x 10-!2cm.2/dyne 
while the value given by Bleick (1934) at atmospheric pressure and 0°C. is 
5-76 x 10°!2cm.2/dyne. This value has been employed in the evaluation 
of the Griineisen’s constant the values of which are entered in the last column 
of Table VII. ‘ 


In the above table the values of y have also been calculated for the low 
temperature region. For this purpose the values of a up to —65-5° C. have 
been taken from Simon and Bergmann (1930), who have very thoroughly 
investigated the thermal expansion of NH,Cl in this range. The correspond- 
ing values of C, have been calculated from Simon, Simson and Ruhemann’s 
paper (1927). The remaining values of a up to — 189-5°C. have been 





346 S. S. Sharma 


TABLE VII. Gruneisen’s constant mrs NH,Cl/ at different temperatures 











haiti | Cp Cy a.10® 
eC.) iCal s. deg.-? mol.~!|Cals. deg. mol.-!!  deg.~2 
i. ie 
— 189-5 8-74 8-68 | 6-54 | 0-33 
150-0 10-58 10-45 8-48 | 0-35 
130-0 11-84 | 11°66 9-90 | 0-37 
110-0 13-26 | 13-00 12-35 0-41 
85-0 15+37 | 14-97 | 18-64 0-54 
05-5 16-81 16-28 | 38-0 | 1-01 
53-0 18-52 17-83 64-0 1-56 
43-0 21-41 20-45 83-0 1-76 
25-5 18-92 18-11 | 75-0 1-80 
23-0 19-62 19-74 | 63-0 1-46 
— 13-0 19-76 18-83 ' 47-0 1-08 
+ 20 20-58 19-45 53-95 1-19 
40 | 21-32 20-02 59 +85 1-30 
60 22-06 20-58 | 66-84 1-43 
80 | 22-79 21-12 74-92 1:56 
100 | 23-53 21-65 84-10 1-70 | 
+120 24-26 22-15 | 94-39 1-84 | 
} ! 
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Fic. 4. Variation of y for NH,CI with temperature 


reproduced from the paper due to Adenstedt (1936) and the corresponding 
values of C, in the same region have been calculated from Simon (1922). 
The variation of y with temperature has been represented graphically in 
Fig. 4. As in the case of other crystals, the y values for NH,Cl show 
marked variation with temperature. As the temperature is lowered, y 
decreases steadily in value, but with further decrease in temperature below 
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— 10°C. it rises steeply down to the transition temperature. Below the 
transition point the y value falls rather gradually down to about —110° C. 
below which the variation is not appreciable. y has abnormal value not only 
at the transition point but also over a range of temperature of nearly 70° 
about it. It is also evident from the graph that the portion of the curve above 
0° C. when extrapolated backwards does not coincide with the portion below 
—110°C. This is to be expected because the crystal structure of NH,Cl 
below the transition temperature is different from that above it. 

Due to the inavailability of specific heat data for ammonium bromide 
above the room temperature the Griineisen’s constant could not be evaluated 
for this crystal. 

In conclusion, the author expresses his thanks to Professor R. S. Krishnan 
for many valuable discussions he had with him during the course of these 
investigations. 

6. SUMMARY 

The thermal expansion of NH,Cl and NH,Br crystals has been studied 
by interferometric method up to about 125°C. From the observed values 
of the coefficients of linear expansion and the observed values of the molar 
specific heats at constant volume, Griineisen’s constant has been evaluated 
for NH,Cl and is found to show marked variations with temperature. On 
both sides of the transition temperature (— 30-8°C.) the y value shows an 
abnormal rise. 
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1. INTRODUCTION 


ALTHOUGH sodium chlorate has been subjected to numerous investigations 
in this laboratory and elsewhere, the influence of temperature on its Raman 
spectrum has not been studied so far. Very recently Sharma (1950) has 
measured the thermal expansion of sodium chlorate over the range of tempera- 
ture 298° to 513°K. Using the A2537 excitation, the present author 
(Shanta Kumari, 1948) recorded the Raman spectrum of this crystal. In 
continuation of this work, the author has now investigated its temperature 
variation. The results are reported in this paper. 


2. DETAILS OF EXPERIMENT 


Single transparent crystals grown by slow evaporation from the aqueous 
solutions were used for the purpose. (No urea was added to facilitate the 
growth of crystals in the present case.) The spectrum was excited by the 
A 2537 resonance radiation from a water-cooled, magnet-controlled quartz 
mercury arc and a Hilger E3 medium quartz spectrograph was used to 
photograph them. The technique used for low temperature work was the 


same as the one employed by R. S. Krishnan (1946) and Narayanaswamy 
(1947). 


For experiments above the room temperature, a cylindrical heater 34’ 
long and 1” diameter was constructed in the usual way. To reduce losses 
due to radiation, an aluminium foil was stuck on to the outside of the furnace. 
Direct current from the mains was drawn through a series of resistances 
for raising the temperature of the heater. The thermal capacity of the 
heater was made sufficiently large so that constancy of temperature inside 
the heater could be maintained even if small fluctuations in voltage occurred 
in the mains supply. Care was taken to see that the heater current was 
constant throughout each experiment. After every exposure the temperature 
of the crystal was measured correct to a degree by a high range mercury 
thermometer. 
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The specimen used was a thin plate (6 x 4 x 1 mm.) of sodium chlorate 
crystal which was pasted by dental cement on the top of a silica rod. The 
heater being clamped in position, the rod with the crystal was slowly inserted 
into it with the flat face of the crystal vertical and facing the most intense 
portion of the arc which was placed as close to the heater as possible so that 
the light from the arc was incident on the crystal through one of the windows 
of the heater. The transversely scattered light, emerging out through the 
edge of the crystal was led through the other window and focussed on the 
slit of the spectrograph. 


The variations in the position of the principal Raman lines were studied 
with the crystal held at 90°, 258°, 348°, 398°, 453°, 483° and 513° K respec- 
tively. With a slit width of 0-035 mm. and using Ilford special rapid plates, 
exposures of the order of 3 hours each were given to obtain reasonably in- 
tense spectrograms. In order to measure the position of the lines accurately, 
a comparison iron arc spectrum was always partially superposed over the 
Raman spectrum at each temperature. The negatives were measured under 
a Hilger cross slide micrometer reading to 1/1000 mm. 


In order to show clearly the influence of temperature on the Raman 
lines, two photographs of the Raman spectrum of sodium chlorate, one at 
90°K and the other at the highest temperature possible, viz., 513°K were 
taken side by side on the same photographic plate under identical conditions 
by the use of a Hartmann diaphragm. This plate as well as the plate taken 
at room temperature were microphotometered with a Moll’s microphotometer. 


3. RESULTS 


The spectrogram exhibiting the Raman spectra of sodium chlorate at 
90° and 513° K respectively and taken with a Hartmann diaphragm is re- 
produced in Fig. 1. The low temperature picture is unfortunately less 
intense than the high temperature photograph. As in the case of other 
crystals like CaCOs, etc., the internal oscillations are less temperature sensitive 
than the lattice oscillations, both as regards their width and frequency 
shift. It was found that almost all the lines due to the internal oscillations 
remain quite sharp even at the highest temperature studied and as such no 
accurate estimation of the breadth of these lines at the different temperatures 
could be made. The doublets 933-36 and 482-87 cm.! do not exhibit any 
appreciable shift. 


The microphotometric records of the lattice spectrum for three different 
temperatures, 90°, 300° and 513°K are reproduced in Fig. 2. The most 
important result is the following. The two lines forming the doublet 122-7- 
131 are of nearly the same breadth and intensity at room temperature. At 
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higher temperatures they coalesce forming a single broad line. When the tv 
temperature is lowered to that of liquid air, the line with lower frequency vi 
becomes sharper and less intense than the one with the higher frequency. 3 
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Fic. 2. Microphotometric records of the lattice spectrum 


This difference in their behaviour is in accordance with the suggestion of 
Rousset and others (1943) that these two oscillations come under two dif- 
ferent symmetry classes. The two lines observed at room temperature with 
frequency shifts 70 and 83cm.-' become a broad diffuse band at higher 
temperatures. The line at 103 cm.? is extremely weak at liquid air tempera- 
ture. 

Because of the feeble nature of some of the Raman lines, it has been 


possible to measure accurately the temperature variations in the frequency 
shifts of only four lines, namely, two lattice lines at 76-5 and 127 cm.-' and 
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two lines at 984 and 1028 cm.~! due to the internal oscillations. The measured 
values are entered in Table [. They are graphically represented in Figs. 
3and 4. The change in frequency shift from the value at 300°K is repre- 
sented along the ordinates. The mean variations of the other Raman lines 
for the two temperature ranges 90° to 300°K and 300° to 513°K, together 
with the proportional change x (= — . . =~) are given in Table II. The 
proportional variations in the frequency shift, i.e., x is found to be different 
TABLE I 


Temperature variations in the position of the prominent Raman Lines 
in Sodium Chlorate 





























| | | 
| v=76-5 cm,~1 y=127 cm. | vy=984cm."! |} v=1028 cm. 
| | 
Temperature = — ——————— ! a a aa ml re eee 
OK | | | | 
= Position Shift | Position | Shift | Position Shift | Position Shift 
a | om en | cm | cm.~! cm? | cm. | cm.-? 
} | 
Spi - | ea | 
90 79 «| +25 | 130 | +3 985-4 | +1-4 | 1080-2 | +22 
258 717-6 | +1-1 128 | +1-0 | 984-4 +0°4 | 1028-7 +0°7 
300 76-5 0 127 | 0 984 0 1028 - | 
348 75 —1°5 125 | —2 982-8 —1-2 1026-6 | —1-4 
398 73°6 —-2-9 122-9 —4-1 981-6 —2-4 1025-1 | —2-9 
453 71-9 —4+6 120-5 | —6:5 980-2 —-3°8 | 1023-5 | —45 
483 71 —5*5 119-2 | —7:8 979-5 —4°5 | 1022-7 —-5*3 
513 70-1 | —6-4 117-9 | —9-] 978-7 —5+3 | 1021-8 | —6-2 | 
| | | 
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Fic. 3. Temperature dependence of lattice lines 
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Fic. 4. Temperature dependence of high frequency lines 


for different Raman lines and for the same Raman line, it is greater at higher 
temperatures. For the lattice line, 127 cm.~' for instance, x for the tempera- 
ture range 90° to 300°K is 112-5 x 10-® while for the range 300° to 513° K, 
it is 336-3 x 10-*. For the line at 1028cm.~!, the values are respectively 
10-2 x 10-® and 28-3 x 10-® for the same ranges of temperature. 


TABLE II 


Total shift and proportional change in the position of Raman Lines 
in Sodium Chlorate 





Range 90° K to 300° K Range 300° K to 513° K 

| Raman Line pe ee ep en ee 
| cm.~ 1 6 | | S 
| Shift cm.” x=--.2 Shiftem-? | x=—-!,2 
» 6 vy §T 

16:5 2+5 143-4 x 10-8 6-4 392-7x1078§ | 
127 3 112-5 x 10-° 9-1 336°3 x 10°& 
| 179 2+5 66-5x10-° 7 | 188-5 x 10-8 

| 486 mn ~0 ‘i | ~0 | 

| 625 +. ~0 5-28 | 39-7x 107° 

| 936 oo me a ~0 | 

966 1-2 5-9x 1076 3-8 18-5x10-* | 

984 1-4 6-8 x 10-6 5-3 25-3x107-° | 

1028 2-2 10-2x 10-¢ 6-2 | 28+3 x 10-° 

| 
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Raman spectrum of sodium chlorate taken with a medium quartz 
spectrograp! 
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In conclusion, the author’s respectful thanks are due to Professor 
R. S. Krishnan for his keen interest and guidance in the course of this work. 


SUMMARY 


The Raman spectrum of sodium chlorate excited by the A 2537 radiation 
of mercury arc has been studied at a series of eight temperatures ranging 
from 90° to 513°K. Data regarfling the variations in frequency shift and 
the proportional change y are obtained for seven of the important Raman 


lines. 
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1. INTRODUCTION 


THE existence of a large variety of silicates is mainly a result of the wide 
range of silicon-oxygen arrangement which is possible. In spite of the 
apparent complexity, the principles governing their structure are very 
simple. The structure of these minerals may in all cases be regarded as 
based on the formation of co-ordinate lattices of large anions about small 
cations. The O-~ ions being of much greater size than any of the positive 
ions occurring in the silicates, they form the skeleton of the whole structure, 
the O— O distance being always about 2-6-2-8 A.U. 


In spite of our detailed knowledge of the structure of the silicates and 
the fact that many of the silicates could be had in transparent form, very 
little work appears to have been done on their Raman spectra. Nisi was 
the only one to investigate the Raman effect in a large number of silicates, 
namely phenacite, zircon, beryl, danburite, tourmaline, topaz and olivine. 
In every case he reported only half a dozen frequency shifts; this is presum- 
ably due to the feebleness of scattering in those crystals and to the use of the 
visible radiations of the mercury arc for obtaining the Raman spectra. If 
one takes into consideration the complexity of the silicates and to the large 
number of atoms in the unit cell, it is obvious that the data obtained by Nisi 
are incomplete. That it is so, is shown by the recent investigations of 
R. S. Krishnan (1947) on topaz using A 2537 as exciter. No less than 32 
Raman shifts were recorded compared to the 11 previously reported. A 
satisfactory interpretation of the vibration spectrum of any silicate in terms 
of its structure is possible only if we have complete data for a series of sili- 
cates. It was therefore felt desirable to reinvestigate the Raman effect 
in a number of silicates using the ultraviolet technique. A preliminary 
report of the results obtained with one of the simplest of the silicates, namely 
phenacite, is made here. 


2. EXPERIMENTAL RESULTS 


The Raman spectrum of phenacite or beryllium silicate (Be,SiO,) was 
recorded using the resonance radiation of the mercury arc and the Rasetti 
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technique as developed in this laboratory. The author is indebte 
Prof. C. V. Raman for placing at his disposal a colourless, clear and well 
formed crystal of phenacite which made this study possible. The direction 
of illumination and observation were entirely arbitrary, and no great impor- 
tance could therefore be attached to the relative intensities recorded. A 
correlation of the observed lines with the possible modes of vibration would 
scarcely be possible till the polarization studies are &mpleted. The Raman 
spectrum is reproduced in Fig. 1 in Plate. The frequency shifts of the 
observed Raman lines and the infra-red reflection maxima (Schaefer, 
Matossi and Wirtz) are listed in Table I. 


TABLE | 


Raman spectrum of phenacite 











Frequency | Infra-red | Frequency | Infra-red 
shifts cm! | maxima (cm.~!) | shifts cm.~?_| maxima (cm.~1) 
16l (2) 667-5 (1) | 599 

184 a i 685-5 (1) | } 

222-6 (5) 692 

230-0 (2) a | 706 (2) | 

254-7 (1) - te Ch) | 723 

279 =(2) 7176 «(3) | 743 

348 (2) | 805 (1) | 788 

383 (4) | $879 (10) | poe 

| 918 (7) | | 

445+5 (4) | a | ew & | 957 

465 (1) | ae | 949-2 (5) | . 

485 (1) | ve ( 1010 (1) | 990 
| | 1014 | 
| 526 (3) 1022 (1) | 1040 
| 580 (1) 575 | 1093 





Of the 25 Raman lines observed by the author, only the intense one 
numbering about 8 were recorded by Nisi. Nisi reported a frequency shift 
of 3600 cm.—! in the spectrum of phenacite. The author was unable to confirm 
the existence of this line and it is also improbable that such a line exists in 
phenacite as there is no (OH) group in it. 


The most striking feature about the spectrum of Be,SiO, is the extreme 
sharpness of all the 24 lines recorded contrary to what is observed in glasses 
and in quartz (see the microphotometer record reproduced in Fig. 2). 
However, the lines are intrinsically feeble in intensity, as exposures of the 
order of 2 days were found to be necessary even with the ultraviolet excitation. 
The transmission in the ultraviolet was good enough to justify our neglecting 
any influence it might have had on the feebleness of the scattered light. 








356 P. S. Narayanan 























] 
3 
M A 
| < | | 
| | 
| Do | 
\ | 3 | 
H z| 
1. 
= || Ot 
% | bs i 
0 $ 
1 yj 8s oh OT 
3 vis h TTT 
\ 3 \ {|| 2 a 
\] if a u WN | | || 
\8 % \| 4 3 | 
Sli a | \ Ae hf ' | 
/ tile ® | ° ae | 
SINS 3 ie S$} lis 
\ | ew) We 








SS —— 726 


— 
= 

P——— 
=... 





Fic. 2. Microphotometer curve of the Raman spectrum of beryllium silicate 
3. DISCUSSION 


Phenacite or Be,SiO, is an orthosilicate belonging to the hexagonal 
alternating class of the rhombohedral system. The crystal structure 
has been studied by W. L. Bragg (1927), Bragg and Zachariasen (1930) 
and Gottfried (1927). It is isomorphous with dioptase, willemite and 
troostite and its space group is C;;, the symmetry elements being E, 2S., 2C; 
and i. The vibrations of the 6 molecules in the unit cell (external and 
internal) fall under four classes, 2 being symmetrical and the other two 
doubly degenerate. It is easy to see that because of the low symmetry, the 
possible number of vibrations is large, and the presence of the centre of 
symmetry makes the infra-red maxima and Raman shifts complementary, 
as theoretically the two classes of vibration A, and E, are allowed only in 
Raman effect and A, and E,, only in the infra-red. For a proper assignment 
of the Raman frequencies and also for an explanation of the approximate 
coincidences noticed between the infra-red maxima and the Raman lines, 
polarization data are necessary. 
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Fic. 1. Raman spectrum of beryllium sil 
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It is interesting to compare the Raman spectra of the various silicates 
and that of quartz. The results so far obtained are collected together in a 
diagrammatic form in Figs. 3 & 4 to show the general similarity of the Raman 
spectra of the different silicates. In all cases the frequency shifts are limi- 
ted to the region 100-1100cm.!  Fig.3 represents the spectra of crystals 
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Fic. 3. Chart showing the Raman spectra of Quartz, Phenacite and Topaz 


which have been studied using A 2537, and shows the grouping and inten- 
sity distribution of lines in a similar manner. The data shown in Fig. 4 were 
taken from the paper by Nisi (1932) and their incompleteness is quite 
evident. 

In conclusion, the author wishes to express his thanks to Prof. R. S. 
Krishnan for some useful discussions. 











| | | Zircon 
2 
4 
: | 
™“D) 
S LI la Lit ! | plist Janburile 
! Li hl | | bine Bery! 











© 100 200 300 400 500 600 700 800 900 1000 1100 Cm 
Frequency SAiPE 


Fic. 4. Diagrammatic representation of the Raman spectra of zircon, danburite and beryl 
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SUMMARY 


The Raman spectrum of beryllium silicate has been studied using the 
resonance radiation of mercury as exciter. The spectrum exhibits 25 Raman 
lines, 17 of which have been recorded for the first time. The Raman lines 
are extremely sharp. The observed spectrum has been compared with the 
spectra of other silicates. 
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